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Abstract 
Olive anthracnose, caused by different species of the genus Colletotrichum, is the most 
important fruit disease of olive fruit worldwide. In Trás-os-Montes region was noticed 
that under the same agro-climatic conditions and in the same period of time, the disease 
is more severe in some cultivars (e.g. cv. Madural) than in others (e.g. cv. Negrinha de 
Freixo). But the possible reasons for these differences were never studied. In this study, 
the susceptibility of these two cultivars to olive anthracnose was evaluated through 
bioassays, and the results obtained were further related with physical and chemical olive 
traits frequently associated to host plant defense. The effect of olive anthracnose on 
olive oil quality was also evaluated. Both disease incidence and severity in Madural was 
up to 16-fold significantly higher than in Negrinha de Freixo. This effect was observed 
in immature fruits, being fewer differences among cultivars as fruit matured. Physical 
analysis of fruit cuticle thickness and fruit surface observations by light microscopy (i.e. 
average number of lenticels, and their diameter) reveal significant differences between 
cultivars. These differences are not related to the cultivar susceptibility. Chemical 
analyses concerning fruit volatiles by GC-MS revealed significant differences between 
cultivars. Olive oil from diseased Madural olives had significantly higher free acidity 
and peroxide values, and lower oxidative stability and phenolic compounds, than olive 
oils from healthy fruits. Altogether, the results offer new insights into physical and 
chemical defense mechanisms in olive fruit that could lead to novel strategies for 
management of olive anthracnose. 
 
Keywords: Colletotrichum spp.; Olea europaea; physical defense; chemical defense, 
oil quality. 
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Resumo 
A antracnose, causada por diferentes espécies do género Colletotrichum, é a doença 
mais importante da oliveira em todo o mundo. Na região de Trás-os-Montes verificou-
se que, sob as mesmas condições agroclimáticas e no mesmo período de tempo, 
algumas cultivares apresentam níveis de infeção elevados (cv. Madural), enquanto 
noutras não é tão intenso (cv. Negrinha de Freixo). As possíveis razões para estas 
diferenças não são conhecidas. Neste estudo, pretendeu-se avaliar a suscetibilidade 
destas duas cultivares à antracnose através de bioensaios, e relacionar os resultados 
obtidos com características morfológicas e propriedades químicas do fruto 
frequentemente associadas à defesa da planta. Avaliou-se, ainda, o efeito da antracnose 
na qualidade do azeite. A incidência e severidade da antracnose foi 16 vezes superior na 
cultivar Madural face à cultivar Negrinha de Freixo. Este efeito foi observado em frutos 
verdes, sendo a diferença entre cultivares menos notória para estados de maturação mais 
avançados. A análise microscópica da cutícula dos frutos mostrou que a sua espessura e 
o número de lenticelas, bem como o seu diâmetro, variavam significativamente entre 
cultivares. Estas diferenças não se mostraram relacionadas com a suscetibilidade da 
cultivar. A análise da composição volátil dos frutos por GC-MS revelou diferenças 
significativas entre cultivares. O azeite de azeitonas da cultivar Madural infetadas 
apresentava uma maior acidez e índice de peróxidos, e menor estabilidade oxidativa e 
compostos fenólicos, face ao azeite de azeitonas sãs. Os resultados contribuíram para 
uma melhor compreensão dos mecanismos de defesa químicos e físicos na azeitona, que 
poderão ter repercussões para o desenvolvimento de novas estratégias na luta contra a 
antracnose da oliveira. 
Palavra-chave: Colletotrichum spp.; Olea europaea; defesas físicas; defesas químicas; 
qualidade do azeite. 
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1. Framework and objectives 
The state of the art literature shows a major gap in knowledge of Portuguese olive 
cultivars susceptibility to anthracnose and of the existence of preformed defenses in 
olives that could limit the growth of C. acutatum. Actually, in Trás-os-Montes region 
was noticed that under the same agro-climatic conditions and in the same period of 
time, the disease is more severe in some cultivars (e.g.Madural) than in others 
(e.g.Negrinha de Freixo). But, the possible reasons for these differences were never 
studied. Moreover, information regarding the effect of olive anthracnose on oil quality 
of Portuguese olive cultivars is scarce. Therefore, we will study both physical and 
chemical characteristics of olives from two Portuguese cultivars with different 
susceptibility to anthracnose, in order to elucidate their involvement in plant protection 
against pathogen invasion (passive defense). The effect of olive anthracnose on oil 
quality from these two cultivars will be also studied. 
Specific objectives: 
i) Evaluate the susceptibility of two Portuguese olive cultivars (Madural and 
Negrinha de Freixo) to olive anthracnose, and the influence of fruit maturity in 
the infection process; 
ii) Evaluate some physical (e.g. cuticle, lenticels) and chemical (volatile 
composition) characteristics in olives from both cultivars. It is expected to 
reveal if the differences on physical and chemical characteristics between olive 
cultivars are somehow correlated with plant susceptibility to anthracnose; 
iii) Evaluate the effect of olive anthracnose on olive oil quality from cv. Madural. 
 
A better knowledge of both, susceptibility of cultivars to anthracnose and olives 
passive defense mechanisms (such as physical and/or chemical barriers) against 
pathogen, will allow the development of novel approaches for management of olive 
anthracnose. 
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2. Introduction 
Olive anthracnose is regarded as one of the most important fungal diseases of 
olive fruits worldwide (Cacciola et al., 2012). In Portugal, this disease is mainly caused 
by diverse fungi clustering in the Colletotrichum acutatum species complex (Talhinhas 
et al., 2005, 2009). It can infect all plant surfaces, but the most significant losses are 
incurred when fruits are attacked due to their premature fall to the ground (Trapero & 
Blanco, 2008). Fruit infection also results in reduction of olive oil quality (Moral et al., 
2014). In Portugal, this disease has high incidence and often cause losses of up to 100%, 
particularly in the widely cultivated variety Galega Vulgar (Talhinhas et al., 2011). 
Previous studies have indicated that incidence of anthracnose depends greatly on 
cultivar susceptibility (e.g. Moral et al., 2008; Moral & Trapero, 2009b; Cacciola et al., 
2012; Talhinhas et al., 2015). Nevertheless, such studies have been conducted mostly on 
Spanish cultivars and less effort has been dedicated to evaluate the susceptibility of 
other cultivars, including Portuguese ones. Much of the available information is based 
on local experience and conflicting reports exist on the relative susceptibility of 
Portuguese cultivars to olive anthracnose. Moreover, information regarding why some 
olive tree cultivars are much more susceptible to olive anthracnose than others is scarce 
(Gomes et al., 2012). There are only a few detailed studies on penetration and 
colonization by C. acutatum on fruits from olive cultivars traditionally considered as 
susceptible (cv. Galega Vulgar), moderately tolerant (cv. Cobrançosa) and tolerant (cv. 
Picual) to the pathogen (Gomes et al., 2009). As far as we known, structural and 
chemical host resistance in C. acutatum olive fruit pathosystem has never been study. 
The screening of Portuguese olive genotypes for resistance to C. acutatum could give 
useful information for identifying parents for use in future breeding programs as well as 
resistant cultivars for use in new plantations. In fact, the use of resistant cultivars is 
considered as one of the best approach to control olive anthracnose (Moral et al., 
2009a,b). Additionally, understanding both physical and chemical defense mechanisms 
in olive fruit against invasion by C. acutatum will lead to novel strategies for 
management of olive anthracnose. 
This work aims at analyzing the current state of the art on olive tree resistance to 
anthracnose to derive research gaps in this area. Therefore, after an overview of olive 
anthracnose (biology, epidemiology, management and constraints to olive production 
and olive oil quality), this review focuses on the current knowledge of the pathogen 
5 
 
infection and plant defense mechanism upon fruit infection, especially those associated 
to physical and chemical barriers.  
 
2.1. Olive anthracnose 
This disease primarily affects fruits, but can also infect shoots, leaves and flowers 
(Talhinhas et al., 2011; Cacciola et al., 2012). Typical anthracnose symptoms in fruits 
appear when they are nearly ripened and include sunken necrosis, with abundant 
production of orange masses of conidia (Talhinhas et al., 2011). Most of the diseased 
olives drop prematurely from the trees. However, some of the infected fruits may 
eventually dry up and mummify and can still attached to the tree. Symptoms on leaves 
and shoots can also appear and include chlorosis and necrosis of the leaves, defoliation 
and dieback of twigs and branches (Fig. 1) (Cacciola et al., 2012). Infected flowers dry 
quickly. 
 
 
 
Figure 1. Some symptoms of olive anthracnose: (a) defoliation of twigs and branches, (b) necrosis and 
production of orange gelatinous matrix embedding conidia in olives surface, (c) numerous infected fruits 
on the floor (photos: José Alberto Pereira). 
 
 
a
c
b
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2.1.1 Geographic distribution and constraints to olive production 
The disease is spread by all olive-growing countries, including Portugal, Spain, 
Greece, Italy, Montenegro, Japan, Uruguay, Argentina, Brazil, South Africa, U.S.A 
(California), China, India, Australia and New Zealand (review by Cacciola et al., 2012). 
In Portugal the disease frequently reaches epidemic levels causing total yield losses, 
especially in wet regions where the susceptible cv. Galega is grown (Talhinhas et al., 
2011). During a 5-year survey (2003–2007) in the main olive producing regions of 
Portugal the percentage of olive orchards affected by anthracnose was, in average, 41% 
(Talhinhas et al., 2011). The percentage of infected fruits was commonly above 50% in 
most regions of the country, although much less frequent in Trás-os-Montes region 
(Talhinhas et al., 2011). However, during the last five years has been observed in this 
region an increase of olive anthracnose severity. For instances, in some olive orchards 
in Mirandela, close to 100% of the olive trees were affected by anthracnose in the last 
crop season (autumn 2015) (Francisco Pavão, personal communication). This 
phenomenon demonstrates the growing importance of this disease in the region, where 
anthracnose occurred only sporadically until recently. 
In some olive-growing areas of Italy and Spain, olive anthracnose was reported to 
cause 80-100% yield loss (review by Cacciola et al., 2012). In Spain, the overall losses 
in net income for the olive industry caused by anthracnose have been estimated to be 
over $ 93.4 million per year (Moral et al., 2009a).  
Besides production losses (fruit drop) anthracnose is also responsible for quality 
degradation of olive oils (Moral et al., 2014). Olive anthracnose affects olive oil quality 
by increasing the free acidity and the peroxide values, and by decreasing oxidative 
stability and the contents on phenolic compounds (Iannotta et al., 1999; Carvalho et al., 
2008). The acidity is the most affected by anthracnose, being its increase directly 
proportional to infection levels (Iannotta et al., 1999; Carvalho et al., 2008). This can 
seriously compromise the classification of the olive oil. In fact, was verified that for an 
infection rate between 16-20% the olive oil loses the extra-virgin or virgin 
classification, and at higher levels of infection (above to 42%) the oil is refused for 
human consumption (Iannotta et al., 1999; Carvalho et al., 2008). Similarly, at 20-30% 
of olives infection, the peroxide index may surpass the threshold of 20 mEqO2 kg
-1
of 
oil, which represents the legal limit of edibility (Iannotta et al., 1999). The stability of 
the olive oil to autoxidation decrease as the level of fruit infection increase, being 
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registered an induction time less than 5 hours in olive oils extracted from fruits with 
20% infection (Iannotta et al., 1999). The incidence of anthracnose also reduces total 
phenol contents in olive oil. For the Portuguese olive cv. Galega Vulgar, was reported a 
loss of phenolic compounds of about 77% in olive oils extracted from 50% infested 
fruits (Carvalho et al., 2008). The fatty acid composition was reported to be relatively 
unaffected by anthracnose infection (Carvalho et al., 2008). However, Sousa et al. 
(2005) have noticed that oil produced from infected olives showed lower percentage of 
monounsaturated fatty acids and higher value of saturated fatty acids when compared to 
oil extracted from healthy fruits. 
Despite the recognized negative effect of olive anthracnose on both olive 
production and olive oil quality, its effect on olive oil quality of Portuguese cultivars is 
poorly studied. 
 
2.1.2. The causal agent 
Olive anthracnose is caused primarily by two complexes of species belonging to 
Colletotrichum genus, namely C. acutatum sensu lato (s.l.) and C. gloeosporioides s.l. 
(Sreenivasaprasad & Talhinhas, 2005; Damm et al., 2012; Weir et al., 2012), being the 
first prevalent in most olive-growing areas where the disease occurs epidemically 
(Talhinhas et al., 2005, 2011). Recently, a third complex, C. boninense, has also been 
associated with olive anthracnose, but it does not appear to represent a serious threat for 
olive production (Schena et al., 2014). 
Currently available data indicate that C. acutatum s.l. complex comprised a 
number of different species showing a wide range of morphological and genetic 
diversity (Cacciola et al., 2012). Within this complex, six different species, namely C. 
simmondsii, C. fioriniae, C. godetiae (syn. C. clavatum), C. acutatum sensu stricto 
(s.s.), C. nymphaeae and C. rhombiforme are reported to be the most important 
pathogens associated with olive anthracnose worldwide (Sreenivasaprasad & Talhinhas, 
2005; Shivas & Yu, 2009; Faedda et al., 2011; Damm et al., 2012). Among these, C. 
godetiae and C. acutatum s.s. are by far the most predominant in most olive-growing 
regions with a slight prevalence of the first over the latter (Mosca et al., 2014). For 
instances, C. godetiae is the prevalent species in Greece, Italy, Montenegro and Spain 
(together with C. simmondsii in the former country); whereas C. acutatum s.s. is the 
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main causal agent in Australia and South Africa (review by Cacciola et al., 2012). In 
Portugal, C. nymphaeae is the most dominant (80% of the isolates), followed by C. 
godetiae (12% of the isolates) and C. acutatum s.s. (3–4% of the isolates) (Talhinhas et 
al., 2009). Colletotrichum godetiae is dominant in the Trás-os-Montes region (Talhinhas 
et al., 2009). 
Like C. acutatum s.l., C. gloeosporioide s is a species complex showing high 
phenotypic and genotypic diversity. Recently, seven distinct species within C. 
gloeosporioides s.l. were identified, namely C. aenigma, C. gloeosporioides s.s., C. 
kahawae (subsp. kahawae and subsp. ciggaro), C. queenslandicum, C. siamense and C. 
theobromicola (Schena et al., 2014). The majority of these species do not appear to 
represent a serious threat for olive production due to their sporadically presence on olive 
and reduced pathogenicity (Schena et al., 2014). In particular C. kahawae subsp. 
ciggaro and C. karstii were characterized by a very low virulence and infected only 
over-ripe olives. By contrast, other species, such as C. gloeosporioides s.s. and C. 
theobromicola proved to be virulent on both green and ripening olives (Schena et al., 
2014). 
The life cycle of Colletotrichum species comprises the teleomorph (sexual) and 
anamorph (asexual) stages. In general, the sexual stage (Glomerella) accounts for the 
genetic variability whereas the asexual stage (Colletotrichum) is responsible for the 
dispersal (spore formation) and infection process (apressorium formation) of the fungus 
(Gomes et al., 2012). 
 
2.1.3. Disease cycle and epidemiology of anthracnose 
Epidemiology and disease cycles are not fully understood in the olive anthracnose 
system (Talhinhas et al., 2011; Cacciola et al., 2012). However, there are several 
evidences indicating that both incidence and severity of olive anthracnose vary 
considerably depending on the environmental conditions (Talhinhas et al., 2011), the 
susceptibility of olive cultivars (Moral et al., 2009a,b), and the virulence of the 
pathogen population (Talhinhas et al., 2015). Generally infection occurs during warm 
and wet periods (Cacciola et al., 2012), being temperatures between 10 and 30°C and 
high humidity (over 93%) considered to be optimum for olive anthracnose (Graniti et 
al., 1993). Infection by Colletotrichum can take place in olive flowers and developing 
9 
 
fruit during the spring (primary infection), but remained latent until fruit begins to ripen 
in autumn (Moral et al., 2009a). At that time, the fungus sporulates on the surface of 
infected fruits. The conidia produced in acervuli are dispersed by rain splash and via 
windblown rain droplets giving rise to secondary disease cycles that are responsible for 
epidemic outbreaks (Moral et al., 2009a). Therefore, flower infection plays a very 
important role as initial inoculum (first infected fruit) for the autumn–winter epidemics. 
The fungus is thought to overwinter in mummified fruits on the tree, woody tissue and 
leaves, which act as the main source of inoculum in spring (Moral et al., 2009a). In 
Figure 2 is showed a diagrammatic representation of olive anthracnose disease cycle in 
the Mediterranean region recently proposed by Cacciola et al. (2012). 
 
 
Figure 2.Diagrammatic representation of the disease cycle of olive anthracnose in the Mediterranean 
region (adapted from Cacciola et al., 2012). 
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Infection by Colletotrichum species involves a series of processes including: 1) 
attachment of conidia to the host surfaces; 2) conidia germination; 3) production of 
appressorium; 4) penetration in the host cuticle; 5) growth and colonization of plant 
tissues; and 6) production of acervuli and sporulation (review by Wharton & Diéguez-
Uribeondo, 2004). In a study focusing the interaction between olives – C. acutatum was 
verified that conidial germination and germ tube differentiation (i.e. appressorium 
formation) occur within 48 and 72 hours, respectively (Gomes et al., 2009). The 
appressoria allow the fungus to penetrate the fruit cuticle directly by means of a narrow 
penetration peg that emerges from the base of the appressorium. It is thought that 
hyphae can also directly enter fruit tissues through openings caused by Mediterranean 
olive fly attack, due to oviposition lesions and exit holes (Cacciola et al., 2012). 
Following penetration, two types of interaction or infection strategies, namely 
intracellular hemibiotrophic and subcuticular intramural necrotrophic lifestyle, or a 
combination of these were observed in the interaction between olives -C. acutatum 
(Gomes et al., 2009). In the hemibiotrophic infection, C. acutatum colonizes fruit 
mesocarp as a biotroph, without causing detectable symptoms; but at later stages of 
infection (necrotrophic phase), lesions become apparent due to the complete 
colonization of the mesocarp by secondary hyphae, which grew both inter- and 
intracellularly, leading to a total collapse of the host cells. In the subcuticular intramural 
infection strategy, rather than penetrating the epidermal cell wall, the fungus starts to 
spread rapidly throughout the host tissue by growing under the cuticle and within the 
periclinal and anticlinal walls of epidermal cells, killing host cells and dissolving cell 
walls ahead of the infection. In the olive fruit-C. acutatum interaction, the pathogen 
used subcuticular intramural necrotrophy as an infection strategy for both susceptible 
(cv. Galega Vulgar) and tolerant (cv. Picual) olive cultivars whereas in the moderately 
tolerant cv. Cobrançosa, both infection strategies were observed (Gomes et al., 2009). 
 
2.1.4 Disease management 
Control of olive anthracnose usually involves the use of a combination of cultural 
and chemical control, and intrinsic resistance of olive tree cultivars (Cacciola et al., 
2012). A crucial cultural control for minimizing disease is to harvest fruits as soon as 
they ripen, in order to escape secondary infections of the very susceptible mature and 
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overripe drupes. Pruning of olive trees showing extended dieback could also be 
effective in anthracnose disease management strategy. Pruning is important for removal 
of diseased twigs and branches and mummified fruits, which are an important source of 
inoculum. This practice also improves air movement in the canopy which helps 
reducing the severity of the disease (Sergeeva, 2011). 
Chemical control of olive anthracnose has widely been used, especially through 
the application of copper compounds such as Bordeaux mixture (a complex of copper 
sulphate and lime) or copper oxychloride (reviewed by Cacciola et al., 2012). However, 
the use and effectiveness of these fungicides may be limited by various factors 
(reviewed by Moral et al., 2014). For example, frequent rainfall during the spring and 
autumn may reduce the persistence of fungicides. For an efficient chemical control, 
fungicides must be applied uniformly over the canopy, which is hard to achieve in olive 
tree. In addition, regular fungicide sprays are not always effective in preventing 
epidemic outbreaks of olive anthracnose and there are also environmental and legal 
concerns about their use (Pennisi et al., 1993). Possible copper residues in olive fruits 
and consequently in oil (Soares et al., 2006), is also a major concern for the consumers. 
Calcium rich compounds have been recently tested, but they have not been proven to be 
particularly effective against olive anthracnose (Xaviér, 2015). 
The use of resistant cultivars not only eliminates losses from olive anthracnose 
disease, but also eliminates chemical expenses for disease control. Although this 
method is considered to be an efficient way to control olive anthracnose disease (Moral 
et al., 2009a,b), it has not been conveniently explored so far. Differences in 
anthracnose-susceptibility of olive tree cultivars grown in various countries have been 
noted both in the field and laboratory tests on detached drupes (e.g.Moral et al., 2008; 
Moral & Trapero, 2009; Cacciola et al., 2012; Talhinhas et al., 2014; Moral et al., 2014; 
Xaviér, 2015). Based on these studies, five categories of susceptibility/resistance were 
founded, namely highly resistant, resistant, moderately susceptible, susceptible and 
highly susceptible. Representative cultivars of each of these groups are Frantoio, Picual, 
Arbequina, Lechín de Sevilla and Ocal, respectively (Xaviér, 2015). All of these 
cultivars are Spanish, but there are also reports of highly resistant cultivars from 
Albania, Croatia, Cyprus, Egypt, Greece, Israel, Italy, Syria and Tunisia (Xaviér, 2015). 
However, this information has some limitations, since in most cases is based on local 
experience with frequent contradictions due to misidentification of cultivars and 
confusion between symptoms caused by different pathogens (Cacciola et al., 2012). 
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Differences in susceptibility of Portuguese cultivars are less studied comparatively to 
other olive growing countries. As far as we known, only fourteen Portuguese cultivars 
have been rated for their susceptibility to olive anthracnose (Table 1). 
 
Table 1.Susceptibility of Portuguese olive tree cultivars to anthracnose. 
Cultivars Susceptibility category Reference 
Azeiteira R Branz-Sobreiro(1992) 
Azeitoneira M Bartolini&Cerreti (2013) 
Bical de Castelo Branco M Bartolini&Cerreti (2013) 
Branqueta de Elvas R Branz-Sobreiro (1992) 
Carrasquenha R Xaviér (2015) 
Conserva de Elvas S Bartolini&Cerreti (2013) 
Branz-Sobreiro (1992) 
Cobrançosa M Xaviér (2015) 
Cordovil Castelo Branco S Xaviér (2015) 
CordovilSerpa M Xaviér (2015) 
Galegagrada de Serpa S Bartolini&Cerreti (2013) 
Galega Vulgar S Xaviér (2015) 
Negrinha M,R Bartolini&Cerreti (2013) 
Branz-Sobreiro(1992) 
Verde Verdelho S Xaviér (2015) 
VerdealAlentejana M, R Bartolini&Cerreti(2013) 
Branz-Sobreiro(1992) 
HR = highly resistant, R = resistant, M = moderately susceptible, S = susceptible, HS= highly susceptible. 
2.2 Plant defense mechanism upon fruit infection by Colletotrichum spp. 
Mechanisms of the fruit defense response to Colletotrichum spp. infection remain 
poorly understood. However, from current knowledge, it seems that resistance of fruits 
to Colletotrichum spp. infection involves multiple defense mechanisms broadly 
classified as passive or constitutive and active or inducible (Fig. 3) (Miles & Schilder, 
2013). Passive or constitutive defense mechanisms are constitutively expressed and give 
protection from pathogen's initial invasion on the outer layer of the fruit (Freeman & 
Beattie, 2008). These include preformed physical and/or chemical barriers. In response 
to the attack of the pathogen the fruit cells also trigger inducible defense mechanisms to 
prevent further colonization or pathogen‟s spread (Freeman & Beattie, 2008). 
Mechanisms induced only after pathogen attack involves a network of signal 
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transduction and the rapid activation of gene expression. Both constitutive and inducible 
mechanisms have been documented especially in strawberry, blueberry and avocado 
infected by Colletotrichum species, whereas in olive fruits few reports have been made. 
 
 
 
Figure 3. Some defense mechanisms operating during the infection process of Colletotrichum spp. on 
fruits. 
 
2.2.1 Fruit passive defenses 
Physical barriers are, in general, the first level of fruit defense against 
Colletotrichum spp. invasion (Fig. 3). These barriers include the cuticle and cell-wall of 
fruit cells. For instances, the cuticle of olive fruits was suggested to retard C. acutatum 
fruit infection (Gomes et al., 2009). Following the same authors this effect seems to be 
due to the high amount of lipids in the cuticle, that constitute a barrier for conidia 
adhesion. Waxes on the surface of fruits cuticle may stimulate or inhibit the 
development of Colletotrichum spp.. For example, waxy cuticles of the host avocado 
fruit have been shown to induce conidia germination and appressorium formation of C. 
gloeosporioides (Podila et al., 1993). However, waxes from non-host plants strongly 
inhibited appressorium formation of this fungus, and avocado wax did not induce 
appressorium formation in most Colletotrichum species that infect other hosts.  
Susceptibility of fruit to Colletotrichum spp. infection was described to increase 
as it ripens (Guidarelli et al., 2011). During this physiological event, changes in the cell 
wall composition and structure occur naturally, which could render the fruit more 
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susceptible to the pathogen. In fact, natural modifications in the strawberry fruit cell 
wall during ripening have been reported to make the fruit cell wall more susceptible to 
the action of polygalacturonase enzymes from C. acutatum (Guidarelli et al., 2011). In 
olive fruits, was noticed that pulp cell wall constituent pectic, hemicellulosic and 
cellulosic polysaccharides were degraded and/or solubilized at the cherry to black 
ripening stage, weakening the cell wall structures (Mafra et al., 2001). 
Most of the studies focusing the role of chemical barriers in fruit defense against 
Colletotrichum spp. invasion have been performed in the past. From current knowledge, 
these chemical barriers include preformed fruit antifungal compounds, such as lipid 
derivatives and polyphenols (e.g. Prusky et al., 1991; Miles et al., 2009). These 
antifungal compounds are normally concentrated in the outer layers of the fruit, in the 
skin, and together with physical barriers acts in the first line of defense (Fig. 3). During 
fruit ripening the concentration of these compounds naturally decline allowing the 
growth of Colletotrichum spp. and symptom formation (Prusky et al., 2000). 
Accordingly, resistance of unripe avocado fruit to C. gloeosporioides was correlated 
with the presence of fatty acid like compounds called monoenes (Prusky et al., 1991) 
and dienes (Prusky et al., 1983) in the fruit pericarp that prevent appressorial 
germination. As fruits ripen, susceptibility to anthracnose increases, due to the 
degradation of these preformed antifungal compounds by the enzyme lipoxygenase 
(Prusky et al., 2000). The activity of this enzyme is modulated by the level of its 
inhibitor, the flavan-3-ol-epicatechin (epicatechin) that is generated in the 
phenylpropanoid pathway (Karny et al., 1989). During fruit ripening the levels of 
epicatechin declines, leading to increase lipoxygenase activity (Ardi et al., 1998). 
Several preformed flavonoids, such as quercetin-3-O-rhamnoside and syringetin-
rhamnoside, have similarly showed to play a key role in suppressing growth and 
development of C. acutatum in blueberry fruits (Miles et al., 2009). Several volatile 
compounds responsible for the aroma of strawberry fruits have been showed to inhibit 
C. acutatum growth and prevented the appearance of symptoms in strawberries (Arroyo 
et al., 2007). Among the volatiles tested, (E)-2-hexenal, was identified as the most 
biologically active. This compound altered the structure of the conidial cell wall and 
plasma membrane, causing disorganization and lysis of organelles, and eventually, cell 
death. 
Soluble sugars and fruit pH may also play a role in defense responses during 
ripening. In blueberries, the increase in sugar contents combined with the decrease in 
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pH fruit values over ripening was suggested to play a role in the resistance response to 
C. acutatum infection (Miles et al., 2012).  
 
2.2.2 Fruit active defenses 
Upon recognition of the attacker, inducible defenses are activated at the site of 
infection as well as in distant uninfected tissues. So far, most of the studies focusing the 
effect of Colletotrichum spp. in induction of host active defense have been made in host 
plant tissues (e.g. leaves and roots) and in less extent in their fruits. However, evidences 
have been reported that fruits upon infection by Colletotrichum spp. have the capacity 
to produce phytoalexins, pathogenesis-related proteins (PR), and reactive oxygen 
species (ROS) (Fig. 3). 
Phytoalexins are low molecular weight antibiotics that play a role in disease 
resistance, by restricting the development of the pathogen. Research has showed the 
production of the triterpene, phytoalexins, euscaphic acid, tormentic acid and 
myrianthic acid in unripe strawberry fruit upon infection with Colletotrichum musae 
(Hirai et al., 2000).  
Several pathogenesis-related proteins have been also associated with increased 
fruit susceptibility to infection by Colletotrichum spp.. The term PR protein is often 
used to designate all microbe-induced proteins (Van Loon et al., 2006). They are 
described to possess antimicrobial activities in vitro and their accumulation in the plant 
is related to plant resistance responses (Sels et al., 2008). Over expression of many 
genes encoding PR proteins, such as chitinases (PR-3, Class II, IV), peroxidases (PR-9), 
defensin (PR-12), thionin (PR-13), thaumatin-like (PR-5), β-1,3-glucanase (PR-2), 
andribonuclease-like (PR-10), have been described in several Colletotrichum – fruit 
pathosystems, including pepper, blueberry and strawberry (Oh et al., 1999a; Casado-
Díaz et al., 2006; Guidarelli et al., 2011; Miles et al., 2011). Curiously, strawberry 
members of β-1,3-glucanase (PR-2), chitinase (PR-3, class I), peroxidase (PR-9) and 
thionin (PR-13), were described to down-regulate on C. acutatum-infected fruits 
(Casado-Díaz et al., 2006).  
Apart from PR proteins, other defense-related proteins like cytochrome P450 (Oh 
et al., 1999b; Guidarelli et al., 2011), as well as several metabolism genes coding for 
toxic aldehyde scavengers, for enzymes involved in the synthesis of stress-related 
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flavonol and alkaloid compounds, and for enzymes involved in the biosynthesis of 
terpenoid defense compounds were also described to up-regulate after inoculation of 
fruits with Colletotrichum spp. (Guidarelli et al., 2011). 
Reactive oxygen species, such as hydrogen peroxide (H2O2), have been reported 
to induce plant defense responses against Colletotrichum spp. attack (Brown et al., 
2008). ROS are mainly involved in defense reactions. Apart from their primary effects 
as antimicrobial compounds, ROS function as diffusible second messengers, inducing 
several resistance responses including synthesis of pathogenesis-related proteins and 
phytoalexins, and programmed cell death in neighboring cells (review by Heller & 
Tudzynski, 2011). In the C. acutatum–blueberry fruit pathosystem was observed a rapid 
generation (<24h) of H2O2, regardless of fruit maturity, coincident in time with 
appressorium formation (Miles et al., 2011). This response seems to be crucial for fruit 
prevention of pathogen entrance. Moreover, two putative genes involved in oxidative 
stress were up-regulated in fruit: a metallothionein-like protein and monodehydro-
ascorbate, probably to prevent oxidative damage to plant tissues.  
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3.1. Introduction 
Olive anthracnose, a disease mainly caused by diverse fungi clustering in the 
Colletotrichum acutatum species complex (Talhinhas et al., 2005, 2009), is regarded as 
one of the most important fungal diseases of olive fruits worldwide (Cacciola et al., 
2012). In Portugal, this disease frequently reaches epidemic levels in humid olive- 
growing areas causing total yield losses (Talhinhas et al., 2011). Besides production 
losses (fruit drop) anthracnose is also responsible for quality degradation of olive oils 
(Moral et al., 2014), which was reported to be directly proportional to the infection 
levels (Iannotta et al., 1999; Carvalho et al., 2008). Nowadays there are no effective 
control measures against this disease. Thus, control is essentially based on preventive 
methods, through the use of a combination of cultural (e.g. pruning the trees, early fruit 
harvesting) and chemical (e.g. spray of trees with copper compounds) control (Cacciola 
et al., 2012). The use of anthracnose-resistant olive tree cultivars has been considered as 
an important measure of integrated control of this disease (Moral et al., 2009a,b). 
However, it has not been conveniently explored so far, due to limited knowledge on 
susceptibility or resistance of olive tree cultivars to anthracnose, and on the mechanisms 
of disease resistance (Moral et al., 2009a,b). Additionally, in most cases, the 
information on susceptibility or resistance to anthracnose is based on local experience 
with frequent contradictions, due to misidentification of cultivars and confusion 
between symptoms caused by different pathogens (Cacciola et al., 2012). Resistance 
level to anthracnose have been yet evaluated in a number of olive tree cultivars grown 
in various countries both in the field and in laboratory tests on detached drupes (e.g. 
Moral et al., 2008; Moral & Trapero, 2009; Cacciola et al., 2012; Moral et al., 2014; 
Xaviér, 2015). In opposite, differences in susceptibility of Portuguese cultivars to olive 
anthracnose have been less studied.  
Mechanisms of the fruit defense response to Colletotrichum spp. infection remain 
poorly understood, in particular to olive fruits. From current knowledge, it seems that 
resistance of fruits to Colletotrichum spp. infection involves multiple defense 
mechanisms, being chemical barriers together with physical barriers the first level of 
fruit defense against pathogen invasion (Miles & Schilder, 2013). Physical barriers 
include the cuticle (Gomes et al., 2009) and cell-wall (Guidarelli et al., 2011) of fruit 
cells, whereas chemical barriers include preformed fruit antifungal compounds, such as 
lipid derivatives, polyphenols and volatile compounds (e.g. Prusky et al., 1991; Arroyo 
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et al., 2007, Miles et al., 2009). These mechanisms have been documented especially in 
strawberry (Guidarelli et al., 2011), blueberry (Miles et al., 2009) and avocado (Podila 
et al., 1993) infected by Colletotrichum species, whereas in olive fruits few reports have 
been made.  
In Northeast of Portugal, it was noticed that olive anthracnose is more severe in 
some cultivars (e.g. Madural) than in others (e.g. Negrinha de Freixo) under the same 
agro-climatic conditions and in the same period of time. But, the possible reasons for 
these differences were never studied. In this work, the susceptibility of these two 
cultivars to olive anthracnose and the effect of ripeness in the development of symptoms 
were evaluated. Some physical (e.g. cuticle, presence of lenticels) and chemical 
(volatile composition) characteristics in olives from both cultivars were determined and 
further related with plant susceptibility. Results of this study will contribute to a better 
knowledge of olive tree resistance to anthracnose and consequently, to the disease 
management.  
 
3.2. Materials and methods 
3.2.1. Collection of olive fruits 
Olive fruits were collected from healthy field-grown trees (ages ranging 60 years) 
located in Mirandela region (Northeast of Portugal, 41°29'27.1"N 7°15'43.2"W)The 
collection was performed in three olive groves, each one comprising the two Portuguese 
cultivars, Madural and Negrinha de Freixo planted at 7 x 7m spacing. In each grove, 
three olive trees of each cultivar were randomly selected and marked. From each tree, 
symptomless olive fruits were sampled during autumn 2015 in order to obtain olives in 
three different maturation stages/index (MI): 1 (epidermis is green/yellowish green); 3 
(epidermis is red or purple in more than half fruit); and 4 (black epidermis and white 
pulp) (Hermoso et al., 2001). Simultaneously, branches with olives were collected for 
the determination of volatile composition of olives. Fruits/branches were aseptically 
handpicked all around the perimeter of the tree at the operator height, placed directly 
into sterile bags, and transported to the laboratory in an icebox. 
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3.2.2. Physical and chemical characterization of olive fruits 
Olives from both cultivars at three maturation stages were characterized for 
physical and chemical properties. Physical characterization included the evaluation on 
fruits of: i) some biometrical parameters, i.e. length, maximum (Dmax) and minimum 
(Dmin) diameter, weight and shape (length/width ratio); ii) and external fruit tissues 
characteristics, i.e. cuticle thickness, number and diameter of lenticels. Biometrical 
parameters were evaluated following the methodology recommended by the Conseil 
Oleicole Internationale (Cortés & Hernández, 2006, Saramago, 2009) in 40 randomly 
selected olives from each cultivar and maturation stage. Cuticle characteristics were 
evaluated under light microscope in 10 olives of each cultivar and maturation stage, 
randomly selected from three olive trees per orchard. To measure the cuticle thickness, 
blocks of tissues (1 cm
2
) taken from the middle part of the fruits, were manually 
sectioned with a scalpel, and cross sections mounted on slides were stained with Sudan 
III to show the cuticle orange. Cuticle thickness was measured in two different locations 
of the transverse fruit section. To observed lenticels, epidermal peels were taken from 
fruit surfaces using forceps and/or scalpels and mounted in distilled water. The number 
of lenticels was counted per 0.25 cm
2 
and further converted to cm
2
. The diameter of 
lenticels was also measured. Tissues samples were examined in a Leica DM 2000 light 
microscope and photomicrographs were taken using a LEICA DFC 295 Digital camera 
with the software LEICA application suite. 
Chemical characterization included the volatile composition of olives by HS-
SPME-GC/MS, following the methodology described by Malheiro et al. (2015) with 
some modifications. Volatile analysis was performed in the first 24 to 48 hours after 
branches collection. Fruits were placed in 50 mL vial containing internal standard (4-
methyl-2-pentanol; 100 ppm; 10 µL). Then the vial was closed with a polypropylene 
cap with a silicon septum and the volatiles were released for 30 minutes in an ultrasonic 
bath at 40ºC. After that, a divinyl benzene/carboxen/polydimethyl siloxane fibre 
(DVB/CAR/PDMS), pre-conditioned according to manufacturer‟s guidelines (1 hour at 
270°C), was exposed during 30 min at 40ºC for volatiles adsorption, and then inserted 
into the injection port of the GC system for thermal desorption. For each olive cultivar 
and maturation stage the HS-SPME analysis was performed in quintuplicate (five 
different olives). The retained compounds were eluted from the fiber by thermal 
adsorption for 1 minute. For cleaning and conditioning for further analyzes the fiber 
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was maintained during 10 minutes at 220 ºC in the injector port of the chromatography 
system. The gas chromatographer used was a Shimadzu GC-2010 Plus equipped with a 
mass spectrometer Shimadzu GC/MS-QP2010 SE detector. A TRB-5MS (30 m × 0.25 
mm × 0.25 μm) column (Teknokroma, Spain) was used. The injector was set at 220 °C 
and the manual injections were made in splitless mode. The mobile phase consisted in 
helium (Praxair, Portugal) at a linear velocity of 30 cm/s and a total flow of 24.4 
mL/min. The oven temperatures were the following: 40 °C/1 min; 2 °C/min until 220 
°C; 220 ºC during 30 min. The ionization source was maintained at 250 °C with 
ionization energy of 70 eV, and with an ionization current of 0.1 kV. All mass spectra 
were acquired by electron ionization. The MS spectra fragments were compared with 
those obtained from a database (NIST 11), and with those of pure compounds. The 
areas of the chromatographic peaks were determined integrating the re-constructed 
chromatogram from the full scan chromatogram using for each compound the ion base 
(m/z intensity 100%). For semi-quantification purposes, volatile amounts were 
calculated by the ratio of each individual base ion peak area to the area of the internal 
standard and converted to mass equivalents on the basis on the internal mass added. The 
volatiles were identified by their linear retention index and by comparison with 
standards analyzed under the same conditions. 
3.2.3. Pathogenicity tests 
Anthracnose susceptibility of the two Portuguese olive cultivars in the three 
maturation stages was evaluated through laboratory bioassays with detached fruits. The 
fungus used in the inoculations was an isolate of Colletotrichum acutatum originally 
obtained from infected olives collected in Mirandela region. This isolate, deposited in 
the fungal collection of the School of Agriculture, Polytechnic Institute of Bragança, 
was identified molecularly by sequencing the ITS region (ITS1, 5.8S, ITS2) and was 
amplified using the universal ITS1 and ITS4 primers (White et al., 1990), in a PCR 
protocol formerly described by Oliveira et al. (2012). The fungus was grown on potato 
dextrose agar (PDA) at 25±2°C for 15 days. Spore suspensions were prepared by 
flooding dishes with 2 mL of sterile aqueous solution of 0.02% (v/v) Tween 80. Spore 
concentration was adjusted to 1x10
6 
conidia/mL, with a Neübauer haemocytometer, 
under light microscope, and further used in fruit inoculations. Healthy olive fruits were 
washed in running water and surface sterilized through sequential immersion in 70% 
(v/v) ethanol for 1 min, 3-5% (v/v) sodium hypochlorite for 2 min, and then rinsed three 
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times (1 min each) with sterile distilled water. The efficiency of the surface sterilization 
had previously been optimized. Disinfested fruit were air-dried and placed on round 
glass flasks (7cm of diameter and 8 cm of height) containing sterilized filter paper 
(Whatman nº 4). Inoculations were performed by adding, to each flask, 4 ml of conidia 
suspensions or sterile aqueous solution of 0.02% (v/v) Tween 80 (control), that was 
evenly distributed over the olives. For each olive cultivar and maturation stage were 
performed three replications each containing ten fruits, in a total of 3 olive trees per 
orchard. Inoculated and control fruit were incubated at room temperature (20 ± 
4°C),under daylight regime, and the filter paper was kept wet during the experiment to 
maintain a high humidity necessary for infection. Both disease incidence (i.e. 
percentage of infected fruits) and disease severity (i.e. proportion of fruit area that is 
affected) was assessed 7, 14 and 21 days after inoculation. Disease incidence (%) was 
calculated using the following formula: 
Incidence (I) =
Number of infected fruits
Total number of tested fruits
x100 
Disease severity was determined by using a 0 to 5 rating scale, where 0 = no visible 
symptoms, 1 = visible symptoms affecting less than 25% of the fruit surface, 2 = 25 to 
50%, 3 = 50 to 75%, 4 = 75 to 100%, and 5 = fruit completely rotted with abundant 
conidia in a gelatinous matrix (soapy fruit), or fruit with abundant white-gray mycelium 
on the surface (Moral et al., 2008).The area under disease progress curve for disease 
incidence (AUDPCi) and severity (AUDPCs) was further calculated for each replication 
following the procedure described by Moral et al. (2008). AUDPCi was calculated 
using the following formula: 
AUDPCi = [(Ii+1 + Ii
n
i=1
)/2](ti+1 − t1) 
where I is the incidence (%) at ith observation, ti is the time (days) at the ith 
observation, and n is the total of number of observations. AUDPCs was calculated as 
the area under the curve of disease index (DI) over time, being DI estimated using the 
following formula: 
DI =   ni/i x N 
where i represents severity (0 to 5), ni is the number of fruit with the severity of I and N 
is the total number of fruit. 
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3.2.4. Effect of cultivar, maturation stage and olives tissue on C. acutatum 
The effect of olive tree cultivar, maturation stage and type of fruit tissues (pulp 
and cuticle) on C. acutatum development was evaluated under in vitro conditions. For 
this, the outer skin (corresponded to the epicarp and containing the cuticle) of frozen 
olives (-21ºC) of each cultivar and maturation stage were hand separated from the pulp 
with a scapel. These tissues were separately homogenized and triturated in an ULTRA 
TURRAX T25, and further added to agar medium (15g/L agar-agar) in order to obtain a 
final concentration of 1% (w/v). After autoclaving, 10 mL of each medium was poured 
onto 9.0-cm-diameter Petri dishes, that were centrally inoculated with 5 μL of C. 
acutatum conidial suspension (10
6
conidia/mL). The control treatment was performed in 
the same medium without pulp/skin tissues. The dishes were sealed with Parafilm and 
incubated in the dark at 25ºC±1ºC. Five replicate dishes were prepared for each 
tissue/cultivar/maturation stage. The radial growth of the developing colony was 
measured every 3 days, using two cardinal diameters previously drawn on the bottom of 
the dish, for 15 days. Growth inhibition (in percentage) was calculated relatively to 
control and radial growth rate (mm/day) was also determined. At the end of the assay 
(i.e. after 15 days post-inoculation) the viability and the production of conidia by C. 
acutatum in each treatment were evaluated. For the conidia production, a conidia 
suspension was retrieved from fungus cultures, obtained in the growth assessment, to 
500 μL of an aqueous solution of Tween 80 (0.02%, v/v). The number of conidia was 
counted in a Neübauer haemocytometer, and results were expressed in conidia/mL. The 
viability was determined by quantifying the percentage of germinated conidia. 
Therefore, 10 µL of the spore suspension used to quantify conidia, at the concentration 
6x10
6
(conidia/mL), was spread in 9-cm Petri dishes containing agar medium (15g/L 
agar-agar). After incubation, at 25ºC ± 1°C in the dark for 18 hours, the percentage of 
germination was evaluated microscopically by counting the number of germinated 
spores, from a total of 300 spores per Petri dish. Only the conidia with germ tubes 
longer than their width were considered to have germinated.  
 
3.2.5. Statistical analysis 
An analysis of variance (ANOVA) with Type III sums of squares was performed 
using the General Linear Model procedure of the SPSS software version 21.0 (IBM 
Corporation, New York, U.S.A.). The fulfilment of the ANOVA requirements, namely 
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the normal distribution of the residuals and the homogeneity of variance, were evaluated 
by means of the Kolmogorov-Smirnov with Lilliefors correction (if n>50) or the 
Shapiro-Wilk`s test (if n<50), and the Levene´s tests, respectively. All dependent 
variables were analysed using a one-way ANOVA with or without Welch correction, 
depending if the requirement of the homogeneity of variances was fulfilled or not. The 
main factor studied was the difference between olive cultivars and fruit maturation stage 
in terms of area under disease progress curve of incidence and severity, biometrical 
parameters (Dmax and Dmin, weight and shape), external fruit tissues characteristics 
(cuticle thickness, number and diameter of lenticels) and volatile composition of fruits. 
Differences between olive cultivars, fruit maturation stage and olive tissue type (skin 
and pulp) were also evaluated in terms of growth, sporulation and germination of C. 
acutatum under in vitro conditions. If a statistical significant effect was found, means 
were compared using Tukey´s test. All statistical tests were performed at a 5% 
significance level. 
Principal components analysis (PCA) was applied for reducing the number of 
variables in the area under disease progress curve of incidence and severity, biometrical 
parameters, external fruit tissues characteristics and classes of volatile compounds 
evaluated in olives of both cultivars in three different maturation stages, to a smaller 
number of new derived variables (principal component or factors) that adequately 
summarize the original information, i.e., different susceptibilities between cultivars and 
maturation stages. Moreover, it allowed recognizing patterns in the data by plotting 
them in a multidimensional space, using the new derived variables as dimensions (factor 
scores). PCA was performed by using SPSS software, version 21.0 (IBM Corporation, 
New York, U.S.A.). 
 
3.3. Results and discussion 
3.3.1. Morphological polymorphism 
Table 3.1 shows the results of biometric parameters and external fruit tissues 
characteristics evaluated in olives of cvs. Negrinha de Freixo and Madural, at 
maturation stage 1, 3 and 4. Among the five biometric variables evaluated (length, Dmax, 
Dmin, weight and shape) only Dmin, weight and shape were showed considerable 
variability among the two cultivars. In general, olives of cv. Negrinha de Freixo have 
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significantly higher Dmin (up to 1.2-fold) and weight (up to 1.4-fold) than olives of cv. 
Madural. These differences were mostly notice at maturation stage 4. Similarly, olives 
shape of Negrinha de Freixo (i.e. spherical) was different from Madural (i.e. ovoid), in 
all maturation stages. Previous studies have been similarly found phenotypic variability 
among olive tree cultivars, especially within fruits (e.g. Sameh et al., 2014). Fruits 
characters have been inclusively reveal to be important in the discrimination of olive 
tree cultivars (e.g. Barone et al., 1994; Pinheiro et al., 2005). Some of the biometric 
traits evaluated on olives were varied over fruit maturation. For instances, the Dmin of 
olives from Negrinha de Freixo increased significantly and progressively over 
maturation. An opposite trend was observed for olives of cv. Madural. An increased on 
both length (up to 1.1-fold) and weight (up to 1.3-fold) was observed on olives of cv. 
Negrinha de Freixo as the maturation index increased from 3 to 4.  
Light microscopic observations revealed that cuticle thickness was significantly 
higher (p<0.001) in olives of cv. Madural (average 30.5±1.9 µm) than in olives of cv. 
Negrinha de Freixo (average 27.4±1.5 µm). Varietal differences in the cuticle thickness 
were previously reported in olive fruits (Gomes et al., 2012; Gómez-del-Campo et al., 
2014). For instances, the cuticle thickness of mature olive fruits of other cultivars, such 
as Arbequina, Galega, Cobrançosa and Picual, was found to vary between 10 and 23 µm 
(Gomes et al., 2012; Gómez-del-Campo et al., 2014). These varietal differences can be 
due to inheritance, and also to environmental factors such as humidity, light, 
temperature (Patumi et al., 2002) and water availability (Gómez-del-Campo et al., 
2014). The results of our study also indicate a significant (p<0.05) reduction in the 
cuticle thickness of olives during ripening, for both cultivars (Table 3.1). From 
green/yellowish green fruits (MI 1) to black fruits (MI 4) the cuticle thickness decreased 
up to 1.4- and 1.3-fold in cv. Madural and Negrinha de Freixo, respectively. Figure 
3.1A shows the changes of cuticle thickness over the ripening for the two cultivars. 
Opposite to the pattern observed in our study, in olives of cv. Arbequina the cuticle 
thickness was increased along the fruit growth season (Gómez-del-Campo et al., 2014). 
These contradictory patterns associated with little available scientific information on the 
properties of the cuticle during olives maturation, highlighting the need for further 
studies focusing this issue.  
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Table 3.1 - Biometric parameters and external fruit tissues characteristics evaluated in olives of cvs. Negrinha de Freixo and Madural, at maturation stage 1 (MI 1), 3 (MI 3) 
and 4 (MI 4). The results are reported as means ± SD (N = 40).The minimum and maximum values observed for each parameter are showed in parenthesis. In each row, mean 
values followed by different letters are significantly different (p < 0.05).  
 Negrinha de Freixo Madural 
 MI 1 MI 3 MI 4 MI 1 MI 3 MI 4 
Lenght (mm) 
19.7±1.2
b
 
(17.1-22.7) 
20.1±1.6
b
 
(16.3-22.9) 
21.4±2.0
a
 
(18.5-25.3) 
20.3±1.1
b
 
(18.2-22.4)  
20.1±1.4
b
 
(17.2-22.9)  
19.6±1.2
b
 
(17.4-24.1) 
       
Maximum diameter, Dmax (mm) 
16.2±1.1
a
 
(13.5-18.5)  
16.3±1.3
a
 
(14.1-18.9)  
18.0±1.8
a
 
(14.5-21.9)  
13.3±0.8
a
 
(11.6-14.9)  
13.3±2.1
a
 
(11.7-15.7) 
12.6±0.7
a
 
(11.7-14.4) 
       
Minimum diameter, Dmin (mm) 
9.9±2.0
b
 
(7.7-13.3) 
10.2±0.9
ab
 
(8.4-12.1) 
10.8±1.5
a
 
(8.1-15.9)  
9.8±1.1
b
 
(7.5-7.8) 
8.8±0.9
c
 
(7.1-11.1) 
8.0±0.8
d
 
(5.7-9.6) 
       
Weight (g) 
3.3±0.6
b
 
(2.0-4.6) 
3.1±0.7
b
 
(2.1-5.0) 
4.1±1.0
a
 
(2.5-6.4) 
2.2±0.3
c
 
(1.5-2.8) 
2.2±0.4
c
 
(1.5-3.4)  
2.0±0.4
c
 
(1.1-3.0) 
       
Shape 
1.2±0.1
b
 
Spherical 
1.2±0.2
b
 
Spherical 
1.2±0.1
b
 
Spherical 
1.5±0.1
ab
 
Ovoid  
1.7±1.7
a
 
Ovoid 
1.6±0.1
ab
 
Ovoid 
       
Cuticle thickness (µm) 
31.4±2.7
b
 
(23.8-36.0)  
26.5±2.7
c
 
(22.7-32.9) 
24.4±3.5
c
 
(18.9-32.8) 
35.5±4.5ª 
(25.1-46.6) 
30.8±3.9
b
 
(23.7-41.1) 
25.2±3.7
c
 
(18.4-30.9) 
       
Nº of lenticels/cm
2
 
43.3±1.6
c
 
(20-60) 
61.7±2.0
b
 
(36-84) 
42.1±2.0
c
 
(32-68) 
56.3±1.3
a
 
(44-72) 
52.8±1.6
a
 
(32-68) 
64.4±1.6
b
 
(44-84) 
       
Diameter of lenticels (µm) 
34.2±0.4
b
 
(28-39) 
40.7±1.2
c
 
(27-57.5) 
48.1±0.3
d
 
(42-54) 
25.9±1.3
a
 
(12-45) 
26.7±1.5
a
 
(12-46) 
26.6±0.6
a
 
(19-36) 
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On the surface of the olives was observed the presence of lenticels, small pores 
with rounded shape (Fig. 3.1B), which origin was mostly from pre-existing stomata in 
the epidermal layer (Kailis & Harris, 2007). Lenticels are supposed to provide pathways 
for the gas exchange and their role in controlling the respiration, transpiration and loss 
of moisture during development of fruit as well as during ripening are well documented 
(Khader et al., 1992). The density and size of lenticels in olive fruits was found to differ 
significantly (p<0.001) between cultivars. In cv. Madural, lenticels were more abundant 
(average 57.8/cm
2
) and smaller (average 26.4 µm) than in cv. Negrinha de Freixo 
(average 49.0/cm
2
 and 41.0 µm, respectively). The morphological characterization of 
olives epicarp, commonly known as skin, has largely been ignored, especially in what 
concerns lenticels. The few studies performed indicate that lenticels number and size are 
often characteristics of particular cultivars. For instances, in cv. Kalamata lenticels are 
large and diffuse whereas in cv. Manzanilla lenticels are pinpoint size and numerous 
(Kailis & Harris, 2007). No consistent pattern was observed on density and size of 
lenticels over fruit maturation. For example, in cv. Negrinha de Freixo the diameter of 
lenticels was significantly increased progressively from maturation index 1 to 4; while 
in cv. Madural was practically unchanged (Table 3.1). The number of lenticels was 
significantly (p<0.01) increased up to 1.2-fold from maturation index 3 to 4 in cv. 
Madural, whereas in cv. Negrinha de Freixo lenticels density significantly (p<0.001) 
decreased up to 1.5-fold from maturation index 3 to 4. The results of some workers on 
lenticels density on the surface of fruits are contradictory, by showing either a decreased 
(Kailis & Harris, 2007) or an increased (Vijay et al., 2007) during ripening.  
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Figure 3.1 – Microscopic pictures of cross sections of the epicarp (A) and the outer surface (B) of olive 
fruits of cvs. Negrinha de Freixo and Madural, at maturation stage 1 (MI 1), 3 (MI 3) and 4 (MI 4). A- 
Cross sections stained with Sudan III showing the cuticle (c) orange; B - Surface of the skin showing the 
lenticels (L) of olive fruit. Scale bar = 50μm. 
 
3.3.2. Susceptibility of cultivars to C. acutatum 
Artificial inoculation of detached fruit was used to evaluate cultivar susceptibility 
to C. acutatum and the effect of ripeness in the development of anthracnose symptoms. 
The results indicate that fruit maturity had more influence on infection of olives by C. 
acutatum than cultivar. In fact, both cultivars Negrinha de Freixo and Madural, 
developed fruit rot anthracnose symptoms by the end of the experiment (i.e. 21 days 
after inoculation) (Fig. 3.2). However, significant differences in the susceptibility of 
fruit to C. acutatum were noticed when the two cultivars were compared within each of 
the maturation indices tested. For instances, at maturation index 1, both incidence 
(AUDPCi) and severity (AUDPCs) was significantly (p<0.001) higher in olives from 
cv. Madural than in olives from Negrinha de Freixo, either at 7 or 14 and 21 days after 
inoculation. But when olives come purple or black (MI 3 and 4, respectively) the 
disease incidence and severity was significantly (p<0.001) higher in cv. Negrinha de 
Freixo than in Madural. This difference was more pronounced 7 days after inoculation. 
Additionally was noticed that as fruit matured, the differences between the two cultivars 
becoming fewer. No infected symptoms were appeared in uninoculated fruits (control 
MaduralNegrinha de Freixo
MI 1 MI 3 MI 4 MI 1 MI 3 MI 4
A
B
c
L
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treatment). The olive cultivars Negrinha de Freixo and Madural have been commonly 
identified as tolerant and susceptible to anthracnose, respectively. The assay with fruit 
olives at maturation index 1 was the assay most in agreement with the susceptibility of 
the cultivars in the field. Previous studies have similarly noticed that immature fruit 
more accurately reflected susceptibility or resistance of olive cultivars to anthracnose 
than mature fruit (Moral et al., 2008). 
 
 
Figure 3.2– Area under the disease progress curve of incidence (AUDPCi) and severity (AUDPCs) in 
olive fruits from cvs. Negrinha de Freixo and Madural, at maturation index 1, 3 and 4 (MI 1, MI 3 and MI 
4, respectively), after 7, 14 and 21 days of inoculation with Colletotrichum acutatum. In each day, mean 
values followed by different letters are significantly different (p < 0.05). Pictures depict an example of 
olives from each cultivar and maturation stage. 
 
Disease incidence and severity was also found to vary greatly with maturation 
index. Purple or black (MI 3 and 4, respectively) olives developed more significantly 
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(p<0.05) anthracnose symptoms than green/yellowish green olives (Fig. 3.2). A similar 
finding was reported previously by Moral et al. (2008) and Moral & Trapero (2009). 
Following the same authors, the greater susceptibility of mature fruit may be related to 
the loss of one or several host resistance mechanisms that are present in immature fruit. 
 
3.3.3. Effect of cultivar, maturation stage and olives tissue on C. acutatum 
Cultures of C. acutatum were performed in agar medium with and without pulp or 
skin of olives at three MI (1, 3 and 4), from cvs. Madural and Negrinha de Freixo, in 
order to assess the effect of olive tissue, cultivar and maturation stage on functional 
(fungal growth, conidia viability) and sporulation of the pathogen. Overall, the presence 
of olives had a significant (p<0.05) influence on the development of C. acutatum (Table 
3.2), by increasing their growth (up to 1.4-fold), germination (up to 1.2-fold) and 
sporulation (up to 4.0-fold) when compared to control (without olives). Promotion of 
fungal development could be related to the production and release of compounds by 
olives into agar medium. Development of C. acutatum was also found to vary greatly 
with cultivar and type of olive fruit tissue. Overall, Negrinha de Freixo significantly 
(p<0.05) increased the growth (up to 1.1-fold) and decreased the viability (up to 1.1-
fold) of C. acutatum, when compared to Madural. Similarly, the cuticle increased 
significantly (p<0.05) the viability (up to 1.1-fold) and sporulation (up to 1.3-fold) of C. 
acutatum when compared to pulp. Maturation index only affects significantly (p<0.05) 
pathogen sporulation, being noticed an increased (up to 1.4-fold) as fruit matured. This 
effect was more evident in olives of cv. Madural. The observed effect of olive fruit 
cultivar, tissue type and maturation index on C. acutatum development could be 
partially explained by differences on their chemical composition. In fact, several studies 
have been reported large differences on chemical composition of olive fruits among 
cultivars, ripening stages and fruit tissue type (e.g. pulp or seed) (e.g. Vinha et al., 2005; 
review by Charoenprasert & Mitchell, 2012). This hypothesis must be confirmed by 
performing chemical analysis of both skin and pulp of olives from cvs. Madural and 
Negrinha de Freixo, at each maturation stage, that will be further related with C. 
acutatum development. 
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Table 3.2– Growth rate, conidia production and conidial germination (mean  SD, n = 3) of 
Colletotrichum acutatum cultured on agar medium unamended (control) and amended with pulp or skin 
of olives from cvs. Negrinha de Freixo and Madural, at three maturation index (1, 3 and 4). In each 
column different letters mean significant differences (p0.05). 
Treatment 
(cultivar, Maturation 
index, Tissue) 
Growth rate 
(cm/day) 
Nº conidia 
(x10
5
conidia/mL) 
Conidial 
germination (%) 
Negrinha 1 pulp 0.73±0.13
cd 
7.00±1.32
bc 
81±8.83
ab 
Negrinha 3 pulp  0.80±0.15
bcd 
7.33±0.76
bc 
82±8.08
ab 
Negrinha 4 pulp  0.59±0.12
abcd 
7.17±1.26
bc 
86±7.64
ab 
Negrinha 1 skin 0.54±0.12
abc 
8.33±0.76
bcd 
84±9.42
ab 
Negrinha 3 skin 0.59±0.21
ab 
6.67±0.76
abc 
90±3.53
ab 
Negrinha 4 skin 0.59±0.11
ab 
8.33±2.75
bcd 
86±4.50
ab 
Madural 1 pulp 0.53±0.14
a 
3.33±0.58
ab 
87±1.21
ab 
Madural 3 pulp 0.53±0.13
abc 
5.50±0.50
abc 
89±6.18
ab 
Madural 4 pulp 0.61±0.15
abc 
10.50±3.04
cd 
85±4.84
ab 
Madural 1 skin 0.57±0.20
abcd 
9.33±0.76
cd 
97±0.51
b 
Madural 3 skin 0.62±0.14
abcd 
8.67±1.76
bc 
95±1.97
b 
Madural 4 skin 0.62±0.13
d 
13.30±4.31
d 
95±2.93
b 
Control 0.43±0.17
a 
2.00±0.29
a 
73±8.85
a 
 
3.3.4. Volatile composition 
The volatile composition of olives from cultivars Madural and Negrinha de 
Freixo, at three ripening stages, was evaluated by HS-SPME/GC-IT-MS. A total of 
thirty six volatile compounds were identified, belonging to different chemical classes: 4 
alcohols, 4 aldehydes, 1 ketone, 8 esters, 3 hydrocarbons, 9 sesquiterpenes and 6 
terpenes (Table 3.3). The produced VOCs by the two cultivars are quali- and 
quantitatively different. From the identified compounds, six (hexanoic acid propyl ester, 
propanoic acid hexyl ester, octanoic acid ethyl ester, α-bergamotene, camphor and 
levomenthol) were detected exclusively in olives of cv. Negrinha de Freixo and one (α-
cubebene) was detected exclusively in olives of cv. Madural. (Z)-3-hexen-1-ol acetate 
was found to be the most abundant VOC produced by olives from cv. Madural (21% of 
the total volatile fraction in Madural), followed by α-Copaene, (Z)-3-Hexen-1-ol and α-
farnesene (collectively accounting 41%); while Negrinha de Freixo produced the 
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highest amounts of α-Copaene and (Z)-3-hexen-1-ol acetate (around 22% and 16% of 
the total volatile fraction in this cultivar, respectively). Our results also revealed that 
Negrinha de Freixo produces a richest variety of sesquiterpenes (8), terpenes (6) and 
esters (7) than cv. Madural. A role of sesquiterpenes as antimicrobial compounds has 
been described (reviewed by Kramer & Abraham, 2012). A number of VOCs produced 
by the two cultivars analyzed were already recognized as having antimicrobial activity, 
namely limonene (Ünal et al., 2012), linalool (Bagamboula et al., 2004) and β-
caryophyllene (Minerdi et al., 2011). 
The produced VOCs also changed along fruit ripening (Table 3.3). In MI 1, α-
Copaene was found to be the most abundant VOC produced by olives (37% of the total 
volatile fraction in MI 1) and declined afterwards to 18% (at MI 3) and 16% (at MI 4), 
irrespective to cultivar. The same trend was observed for (Z)-3-Hexen-1-ol. In contrast, 
(Z)-3-hexen-1-ol acetate was found to increase over fruit ripening (accounting 14%, 
16% and 19% of the total volatile fraction in MI 1, MI 3 and MI 4, respectively). The 
same trend was observed for the VOCs nonanal. 
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Compounds QI LRILit. LRI MI 1 MI 3 MI 4 
Madural Negrinha de Freixo Madural Negrinha de 
Freixo 
Madural Negrinha de 
Freixo 
Alcohols  
(Z) -3-Hexen-1-ol 41 857 859 58.2±24.6 a 152.9±71.2 a 263.7±144.4 a 194.2±60.5 a 885.6±782.3 a 540.7±342.3 a 
1-Hexanol 91 867 872 74.5±14.4 a 79.4±14.0 a 86.8±36.9 a 72.4±8.7 a 57.8±33.2 a 313.7±237 a 
1-Octanol 41 1070 1073 23.5±4.9 a 21.9±5.0 a 31.8±16.5 a 24.4±5.4 a 17.3±1.1 a 45.0±10.4 a 
1-Nonanol 56 1171 1173 18.8±3.5 a 23.1±3.1 a 54.1±41.4 a 37.7±21.6 a 15.9±3.7 a 63.7±49.3 a 
Aldehydes  
Heptanal 43 899 899 36.4±6.0 a 28.9±13.6 a 28.8±8.2 a 22.4±7.2 a 31.2±10.7 a 53.0±9.1 a 
Octanal 43 1001 998 103.3±5.1 a 60.4±4.4 a 91.7±28.5 a 81.3±3.9 a 69.3±21.4 a 162.6±52.8 a 
Nonanal 57 1098 1102 189.6±30.4 b 113.5±19.9ab 200.1±54.7ab 205.0±8.2 b 212.4±9.7ab 644.0±183.5 a 
Decanal 57 1204 1202 40.9±26.0 a 32.0±1.8 a 60.1±18.3 a 65.8±16.2 a 73.7±64.2 a 93.6±41.7 a 
Ketones   
6-methyl-5-hepten-2-one 43 985 987 13.3±0.9ab ----- 15.8±7.0b 10.9±2.1b ----- 13.0±3.4ab 
Esters   
(Z)-3-hexen-1-ol acetate 43 1002 1007 387.8±110.0 b 265.0±70.2 a 801.2±429.2 b 233.8±79.7 b 549.5±347.3 b 1043.1±131.8 a 
Aceticacidhexylester 43 1008 1015 76.4±24.3ab 87.1±15.5 a 106.4±32.1 b 88.7±12.8ab 23.1±4.8ab 155.0±31.9 a 
Hexanoicacidpropylester 43 1097 1094 ---- ---- ---- 5.1±1.6a ---- 8.8±0.3c 
Propanoicacidhexylester 57 1108 1106 ---- 6.1±0.1 a ---- 8.7±2.3 a ---- 19.2±17.5 a 
Hexanoicacidbutylester 56 1188 1191 ---- ----- 33.8±13.4 a 28.1±5.4 a 8.8±0.8 b 44.7±3.3 c 
Butanoicacidhexylester 43 1191 1192 55.1±8.3 a 57.9±2.3 a 43.7±21.2 b ---- ---- ---- 
Octanoicacidethylester 44 1195 1196 ---- ---- ---- ---- ---- 7.0±0.6 a 
2-Methyl butanoic acid hexyl 
ester 
103 1234 1239 81.4±15.6 a 76.4±4.6 b 108.5±63.7 b 101.3±1.9 b 11.2±0.5 b 128.7±2.4 b 
Hydrocarbons  
Undecane 57 1099 1100 123.0±15.0 a 108.7±29.6 a 74.2±46.9 a 88.6±11.3 a 64.8±4.4 a 88.4±9.6 a 
Dodecane 57 1199 1200 23.6±16.4 b 22.5±3.1 a 195.0±84.9 b 274.8±44.8 b 7.0±2.3 a 69.6±14.7 b 
Tetradecane 57 1399 1400 31.7±4.1 b 26.7±7.1 a 138.7±94.9 b 178.2±53.1 b 13.5±0.9 a 112.8±13.6ab 
Sesquiterpenes  
Table 3.3- Volatile composition of olives from cvs. Madural and Negrinha de Freixo at three different maturation index (1, 3 and 4). Values in the same line with different letters differ 
significantly (P< 0.05). QI- quantification ions, LRI- linear retention index, LRIL it.- linear retention index database,”---- not detected” 
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α-Cubebene 105 1351 1348 28.0±15.6 a ----- 33.6±7.7 b ----- 10.1±0.6 b ----- 
Cyclosativene 105 1368 1361 ----- 85.3±71.1 b ----- 56.6±10.4 a 25.0±3.7ab 18.4±3.7ab 
α-Copaene 105 1376 1373 623.8±239.0 a 1121.7±895.5 a 597.5±206.0 a 698.6±72.1 a 249.8±7.2 a 249.1±60.8 a 
β-Bourbonene 81 1384 1381 10.3±3.8 a 11.2±4.7 b ----- ----- ----- ----- 
Caryophyllene 41 1418 1415 51.5±11.8ab 19.9±4.7 a 84.9±49.1 ab 22.0±3.0 b 38.4±16.0 b 24.4±3.0 b 
β-copaene 161 1432 1429 ----- 32.0±23.8 b ----- 17.3±1.9 a 6.4±1.9ab 7.3±1.1 b 
α-Bergamotene 93 1436 1434 ----- 21.6±1.5 b ----- ----- ----- ----- 
α-Muurolene 105 1499 1496 35.7±12.4 a 206.5±162.9 a 42.4±21.4 a 149.6±32.0 a 22.5±3.3 a 43.6±16.4 a 
α-Farnesene 93 1508 1507 13.7±3.0 a 9.0±1.0 a 31.8±14.0 a 13.1±3.4 a 26.6±15.6 a 35.9±10.4 a 
Terpenes  
Limonene 68 1031 1029 18.8±2.2 b 12.5±2.0 a 27.0±9.9 a 16.7±1.9 b 35.8±7.3 b 25.8±3.6ab 
(Z)-ocimene 93 1040 1050 14.5±1.6 b ----- ----- 6.9±1.0 b ----- 38.6±22.1 a 
Linalool 44 1098 1098 8.2±1.9bc ----- 10.8±4.6 c 9.7±1.8 c ----- 15.0±1.8 a 
Camphor 95 1143 1139 ----- ----- ----- 8.0±0.6 b ----- ----- 
Levomenthol 81 ----- 1170 ----- ----- ----- 6.8±2.0 b ----- 8.7±6.4 a 
Methylthymylether 149 1235 1234 15.0±2.7 b 14.4±1.4 c ----- 19.4±1.8b ----- 21.1±5.3 a 
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A principal component analysis was performed with the incidence and severity, external 
fruit tissues characteristics and classes of volatile compounds evaluated in olives of both 
cultivars, for each of the three maturation stages (1, 3 and 4), to describe the correlation 
between them. The PCA obtained was able to distinguish the two cultivars (Fig. 3.3). In 
accordance with previous results, at MI 1 the olives of cv. Madural are clearly separate 
from cv. Negrinha de Freixo due to its higher infection of C. acutatum (i.e. incidence 
and severity), higher cuticle thickness, higher density and diameter of lenticels, and 
higher contents on alcohols, ketones, esters, hydrocarbons, sesquiterpenes and terpenes. 
An inverse pattern was observed at maturation indices 3 and 4. In these stages, the 
olives of cv. Negrinha de Freixo are clearly separate from Madural due to its higher 
infection of C. acutatum, higher density and diameter of lenticels in cuticle surface, and 
higher contents on hydrocarbons, terpenes, ketones and esters. This analysis indicate 
that, contrary to our expectations, the differences observed in olive cuticle thickness, 
density and dimension of lenticels, between Madural and Negrinha de Freixo were not 
always related positively to the fruit susceptibility. In fact, at MI 1 fruits of Madural 
were more susceptible to anthracnose, although having significantly thicker cuticle and 
higher number of lenticels than cv. Negrinha de Freixo. But, at MI 3 and 4, fruits cuticle 
of Negrinha de Freixo was significantly thinner, and fruits were found to be more 
susceptible to C. acutatum than Madural. Overall the results suggested that differences 
related to the fruit cuticle and skin characteristics could explain why some cultivars are 
more severely infected by C. acutatum than others, depending of the maturation stage of 
the olives. In immature fruits other defensive mechanisms seems to be more important 
than the ones related with cuticle characteristics. Our PCA analysis indicates that some 
volatiles compounds could play a key role in suppressing growth and development of C. 
acutatum in olive fruits. In fact, the clustering of some classes of volatile compounds 
together with incidence and severity indicate that they are somehow related. Future 
studies need to focus on the potential effect of these VOCs on C. acutatum 
development.  
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Figure 3.3 - Principal component analysis obtained using the volatile composition, some morphological characteristics, and disease incidence (AUDPCi) and severity 
(AUDPCs) in olive fruits from cvs. Madural and Negrinha de Freixo at maturation indices 1, 3 and 4 (MI 1, MI 3 and MI 4, respectively). 1 – Cuticle thickness; 2 – Total 
diameter of lenticels; 3 – AUDPCi 7 days; 4 – AUDPCi 14 days; 5 – AUDPCi 21 days; 6 – AUDPCs 7 days; 7 – AUDPCs 14 days; 8 – AUDPCs 21 days; 9 – Alcohols; 10 – 
Aldehydes; 11 – Ketones; 12 – Esters; 13 – Hydrocarbons; 14 – Sesquiterpenes; 15 – Terpenes; 16 – Total lenticels.  
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4.1. Introduction 
According to recent statistics published by the International Olive Council (IOC) 
the olive oil consumption is increasing in recent years, being predicted to achieve a 
worldwide consumption level above 3 million tons in 2014 (IOC, 2013). Undoubtedly 
olive oil sensorial characteristics and health claims are associated with this increase. 
Besides being a key ingredient of the Mediterranean diet and cuisine, olive oil is related 
with many health benefits, including the prevention of many modern life-style diseases, 
like some kinds of cancer and cardiovascular diseases (Assmann et al., 1997).  
Anthracnose disease is one of the major economic constraints to olive production 
worldwide, especially in Mediterranean countries (Cacciola et al., 2012). It is caused by 
diverse fungi clustering in the Colletotrichum acutatum species complex (Talhinhas et 
al., 2005, 2009). This disease primarily affects fruits, causing their premature drop and 
the development of a soft rot (Trapero & Blanco, 2008). In some olive-growing areas of 
Italy and Spain, olive anthracnose was reported to cause 80-100% yield loss (review by 
Cacciola et al., 2012). In Portugal the disease frequently reaches epidemic levels 
causing total yield losses, especially in wet regions where the susceptible cv. Galega is 
grown (Talhinhas et al., 2011). Besides production losses (fruit drop) anthracnose is 
also responsible for quality degradation of olive oils (Moral et al., 2014). Olive 
anthracnose affects olive oil quality by increasing the free acidity and the peroxide 
values, and by decreasing oxidative stability and the contents on phenolic compounds 
(Iannotta et al., 1999; Carvalho et al., 2008). The effect of anthracnose on olive oil fatty 
acid composition is contradictory. For instances, Sousa et al. (2005) have noticed that 
oil produced from infected olives showed lower percentage of monounsaturated fatty 
acids and higher value of saturated fatty acids when compared to oil extracted from 
healthy fruits. By contrast, Carvalho et al. (2008) were found that fatty acid composition 
was relatively unaffected by anthracnose infection. Despite the recognized negative 
effect of olive anthracnose on both olive production and olive oil quality, its effect on 
olive oil quality of Portuguese cultivars is poorly studied. In this sense in the present 
work it was intended to study the impact of anthracnose on olive oil quality, 
composition and stability. For this, olive oil extracted from anthracnose-infected olives 
and from healthy olives from cv. Madural will be compared in terms of colour, free 
acidity (%), peroxide value (mEq O2kg
-1
), specific coefficients of extinction at UV (K232 
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and K270), oxidative stability, fatty acids composition, and tocopherol and tocotrienol 
compositions. 
 
4.2. Materials and methods 
4.2.1. Olives selection for olive oil extraction 
Olives at maturation index 3 and 4 (Hermoso et al., 2001) were collected 
randomly from field-grown trees (ages ranging 60 years) located in Mirandela region 
(Northeast of Portugal), in November 2015. After collection, two lots of olives (i.e. 
anthracnose-infected and healthy olives) were used to extract olive oil. Only the olives 
showing tissue infection upper than 50% were chosen for the anthracnose-infected lot. 
For each sample lot were performed three repetitions. Olive oil was extract using 
„Abencor‟ following an optimized methodology described by Malheiro et al. (2012). 
4.2.2. Olive oil quality parameters determination 
The quality parameters assessed were free acidity (FA), peroxide value (PV) and 
specific coefficients of extinction at 232 and 270 nm (K232, K270, and ΔK). All the 
mentioned quality parameters were determined according to European Union standard 
methods (Annexes II and IX in European Community Regulation EEC/2568/91 from 
11th July). 
4.2.3. Fatty acids composition 
Fatty acids were evaluated as their methyl esters after cold alkaline 
transesterification with methanolic potassium hydroxide solution (Annexes II and IX in 
European Community Regulation EEC/2568/91 from 11th July) and extraction with n-
heptane. The fatty acid profile was determined according to the method described by 
Malheiro et al. (2012). 
4.2.4. Sensory evaluation 
Olive oil samples were subjected to organoleptic assessment following the 
methods and standards adopted by the International Olive Council (IOC or COI) for 
sensory analysis of olive oils, namely COI/T.20/Doc. 15/Rev. 6 and COI/T.30/Doc. No. 
17. Each sample was subjected to the judgment of five trained panel members who 
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classify the samples in a scale according to olfactory sensations, gustatory-retronasal 
sensations, and final olfactory-gustatory sensations. For olfactory sensations, the 
following attributes were measured: olive fruitiness (0-7); other fruits (0-3); green 
(grass/leaves) (0-2); other positive sensations (0-3); and harmony (0-20). Concerning 
gustatory-retronasal sensations were evaluated the olive fruitness (0-10); sweet (0-4); 
bitter (0-3); pungent (0-3); green (grass/leaves) (0-2); other positive sensations (0-3); 
and harmony (0-20). A final olfactory-gustatory sensation for each sample was also 
considered, conjugating all the organoleptic sensations, pointing out the complexity (0-
10) and persistence (0-10). It should be remarked that harmony increases when the 
attributes are balanced, and complexity increases with the number and intensity of 
aromas and flavours. Although COI guidelines recommend the use of 8-12 tasters for 
each analysis, it was decided to use only five trained panellists, which are quite familiar 
with the classification of positive and negative olive oil organoleptic attributes and 
usually are jury members in olive oil classification in olive oil classification in 
competitions. With this approach, it was intended to guarantee a more consistent 
sensory classification. 
4.2.5. Tocopherols composition 
Tocopherols composition was determined according to the ISO 9936 (2006), with 
some modifications as described by Malheiro et al. (2013). Tocopherols standards (α, β, 
) were purchase from Calbiochem (La Jolla, San Diego, CA) and Sigma (Spain), while 
the internal standard 2-methyl-2-(4,8,12-trimethyltridecyl)chroman-6-ol (tocol) was 
from Matreya Inc. (Pleasant Gap, PA). Filtered olive oil (50 mg) was mixed with 
internal standard solution (tocol) and homogenized. The mixture was centrifuged for 5 
minutes at 13000 rpm and the supernatant obtained analyzed by HPLC. 
The chromatographic conditions are those reported by Malheiro et al. (2012, 
2013). The compounds were identified by chromatographic comparisons with authentic 
standards, by co-elution and by their UV spectra. Quantification was based on the 
internal standard method, using the fluorescence signal response. 
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4.2.6. Phenolic composition 
Total phenols content was assessed by the methodology described by Capannesi 
et al. (2000) with some modifications. For total phenols content 2.5 g of olive oil were 
diluted in a reason 1:1 with n-hexane, and extracted with 2.5 mL methanol/water 
(80:20; v/v) three times, being the mixture centrifuged during 5 minutes at 2600 g. 
From the combined extract 1 mL was added with the same amount of Folin-Ciocalteau 
reagent and Na2CO3 (7.5%), to which 7 mL of purified water were added. After 
homogenization, the mixture was stored overnight and spectrophotometric analysis was 
performed at λ = 765 nm 
For quantification purposes a calibration curve of caffeic acid in methanol was 
performed in concentration range 0.04-0.18 mg/mL. The calibration curve was treated 
on the same way for oil analysis. The final results were expressed as mg of caffeic acid 
equivalents per kg of olive oil (mg CAE/kg). 
4.2.7. Sterols composition 
The determination of sterols was carried out by gas chromatography and detection 
by flame ionization (GC/FID), after saponification separation in thin layer 
chromatography and silylation according to NP EN ISO 12228 (1999). The patterns of 
cholestanol, cholesterol, campesterol, stigmasterol, β-sitosterol, β-sitostanol and betulin 
were acquired from Sigma (St. Louis, MO, USA). The derivatizing reagents, 1-
methylimidazole and N-methyl-N- (trimethylsilyl) -heptafluorobutiramida (MSHFBA) 
were obtained from Sigma and Macherey-Nagel (Duren, Germany), respectively. The 
silica plates and aluminium 90 oxide standardized were purchased from Merck 
(Darmstadt, Germany). The other reagents used had purity "pro analysis". Sample 
preparation for the analysis of sterols was the same as used for fatty acids and 
tocopherols, and was used the same fat extraction for both analysis in triplicate. After 
addition of 1 ml of betulin (1.0 mg / mL in acetone) as an internal standard 500 mg of 
each sample accurately weighed, proceeded to saponification of the samples with 10 ml 
of ethanolic potassium hydroxide solution 0.5 M. The unsaponifiable fraction was 
obtained by solid phase extraction with a column of aluminum oxide. Elution with 5 ml 
of ethanol and 30 ml of ethyl ether proceeded to the concentration of the extract. The 
fraction corresponding to the total sterols was isolated by thin layer chromatography 
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using silica plates and n-hexane / diethyl ether (1: 1, v / v) as eluent. The bands were 
separated, labelled and visualized by spraying with methanol, the compounds were 
extracted (3 times) of the removed silica with 1 mL of ethanol followed by 5 ml of 
diethyl ether. The extract was transferred to a small container with conical bottom and 
taken to dryness in 34 nitrogen stream. Was carried out the derivatization To this was 
added 100 ml of the mixture of 1-methylimidazole and N-methyl-N- (trimethylsilyl) -
heptafluorobutiramida (MSHFBA) (50 ml + 1 ml, respectively), the small container 
were sealed and heated at 105 °C for 15 min. The content of the flask was then analyzed 
by GC/FID and identification of compounds was performed by comparison with 
retention times obtained for the standards. The gas chromatograph used was the same 
that was used to determine fatty acids with different capillary column. For separation of 
the sterols was used a CP-Sil DB 5 MS column, 30 m long, 0.25 mm internal diameter 
and 0,25μm film thickness (J & W Scientific, Folsom, CA, USA). The defined 
analytical conditions were: injector and detector temperature: 320ºC; column 
temperature: programmed to increase from 250 °C to 300 °C at a rate of 2 °C / min, and 
is maintained at 300 °C for 12 min; split relation: 1:50; Vector gas: helium, the initial 
internal pressure of 100 kPa; injection volume: 1.5 mL.  
4.2.8. Oxidative stability 
The oxidative stability was measured in a Rancimat 743 apparatus. To 3 g of olive 
oil heated at 120 ± 1.6 ºC was incorporated air (filtered, cleaned, and dried) at a reason 
of 20 L/h. The resulting volatile compounds were collected in water, and the increasing 
water conductivity was continuously measured. The time taken to reach the 
conductivity inflection was recorded.  
4.2.9. Olive oil colour measurement 
Colour of oils obtained from anthracnose-infected olives and healthy olives was 
measured with a Konica Minolta model CR-400 colorimeter. Colour differences (ΔE) 
between health samples considered as standard and diseased samples were calculated 
from the determined monochromatic variables L*, a*, and b* obtained from CIELAB 
method, as well as yellowness index (YI) as described by Zamora et al. (2004). 
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4.2.10. Statistical analysis 
An analysis of variance (ANOVA) with Type III sums of squares was performed 
using the General Linear Model procedure of the SPSS software version 21.0 (IBM 
Corporation, New York, U.S.A.). The fulfilment of the ANOVA requirements, namely 
the normal distribution of the residuals and the homogeneity of variance, were evaluated 
by means of the Kolmogorov-Smirnov with Lilliefors correction (if n>50) or the 
Shapiro-Wilk`s test (if n<50), and the Levene´s tests, respectively. All dependent 
variables were analyzed using a one-way ANOVA with or without Welch correction, 
depending if the requirement of the homogeneity of variances was fulfilled or not. The 
main factor studied was the effect of the anthracnose on EVOO‟s quality (FA, PV, K232, 
K270 and ΔK), colour parameters (a*, b* L*, ΔE and YI), fatty acids profile, tocopherols 
composition (α-, β-, γ-, and total tocopherols) and oxidative stability. If a statistical 
significant effect was found, means were compared using Tukey´s honestly significant 
difference multiple comparison test or Dunnett T3 test also depending if equal variances 
could be assumed or not. All statistical tests were performed at a 5% significance level. 
Principal components analysis (PCA) was applied for reducing the number of 
variables in the olive oils extracted from anthracnose-infected olives [5 variables 
corresponding to the quality parameters - FA, PV, K232, K270 and ΔK; 4 variables 
corresponding to tocopherols, including total vitamin E content (total tocopherols); 
oxidative stability; sterols and phenolic compounds] to a smaller number of new derived 
variables (principal component or factors) that adequately summarize the original 
information, i.e., the changes induced in olive oil due to the anthracnose. Moreover, it 
allowed recognizing patterns in the data by plotting them in a multidimensional space, 
using the new derived variables as dimensions (factor scores). PCA was performed by 
using SPSS software, version 21.0 (IBM Corporation, New York, U.S.A.). 
 
4.3. Results and discussion 
4.3.1. Quality parameters 
 Overall, the results indicated that anthracnose affects the quality of olive oils by 
causing their degradation (Table 4.1). Anthracnose in olives significantly (p<0.001) 
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increased free acidity in olive oils. By colonizing the olives, the phytopathogenic fungus 
disrupt tissues inside them, causing an increase in lipolysis and consequently in FA. 
Therefore, by enzymatic pathways, the droplets of oil suffer the action of lipase leading 
to high amounts of free fatty acids. The oxidative stability is another important 
parameter that defines the quality of olive oil. In our study, the occurrence of oxidative 
processes was assessed by evaluating the peroxide value, K232, K270 and ΔK, which 
results are depicted in Table 4.1. Peroxide value was found to be significantly (p<0.001) 
higher in olive oils obtained from anthracnose-infected olives, suggesting a stimulation 
of the formation of primary oxidation products (mainly hydroperoxides) (Laguerre et 
al., 2007). The specific extinction coefficient at 232 and 270 nm (K232 and K270, 
respectively) also supports the significant increase of primary and secondary oxidation. 
Regarding the results obtained for the quality parameters, the olive oil extracted from 
anthracnose-infected olives could not be considered as extra virgin olive oils, according 
to the European legislation (European Community Regulation EEC/2568/91 and all 
subsequent amendments). In the classification, free acidity withdraws the olive oil 
extracted from infected olives of the category of extra virgin olive oil to virgin olive oil 
quality, almost reaching the lampante category with a FA of 1.58%. The other quality 
parameters evaluated are according to the European Community Regulation 
EEC/2568/91 and all subsequent amendments, and therefore the olive oil obtained from 
diseased olives is classified as virgin. 
4.3.2. Sensorial evaluation  
The results of sensorial evaluation, which included five olfactory sensations, 
seven gustatory-retronasal sensations and two final olfactory-gustatory sensations, are 
depict in Figure 4.1. The one-way ANOVA showed that some olive oil sensory 
attributes were significantly affected by the anthracnose (olfactory sensations: fruity, 
green and other sensations; gustatory-retronasal sensations: fruity, sweet, bitter, spicy 
and green; final olfactory-gustatory sensations: complexity and persistence; p <0.001), 
whereas other sensory attributes were not significantly affected (olfactory sensations: 
harmony p =0.085; gustatory-retronasal sensations: harmony p =0.242). Nevertheless, it 
should be noticed that from the fourteen sensory attributes assessed by the panel lists 
just four attributes don‟t have p  <0.001 and just two have p >0.05.  
54 
 
All analysis has some notes to sensory describe the olive oil. Through those notes 
we classified the olive oil as extra virgin, virgin or lampante. The olive oil extracted 
from healthy olives has only positive notes like cabbage, green tomato, green apple, 
green walnut, spicy at the end, dry fruits, very pleasant in the mouth, making them Extra 
Virgin Olive Oil (EVOO), while the olive oil obtained from anthracnose-infected olives 
are virgin olive oil (VOO) (Table 4.1). The virgin olive oil has notes like mature apple, 
hay, banana peel, dry almond, slight smell and taste of fusty, and lampante olive oil has 
negative notes such as smell and taste of grubby, rancidity, mold and awful smell and 
taste. 
Volatiles and phenolic compounds play an important role in the sensory analysis 
of olive oils once they are responsible for the olfactory and gustatory sensations, 
respectively. Regarding volatiles, the LOX (lipoxygenase pathway) is the main 
mechanisms behind the formation of volatiles during the extraction of olive oil. Due to 
the anthracnose, the enzymatic pathway is affected and possibly yield a lower amount of 
“green leaf volatiles” (GLV), affecting therefore the green sensation of the sensory 
evaluation. Other gustatory parameters like spicy, bitter and green were reduced mainly 
due to the amounts of phenolic compounds present in the oils. The reduction of phenolic 
compounds from healthy to anthracnose-infected olives is evident (to see ahead in this 
work). 
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Table 4.1. Quality parameters (FA- free acidity; PV- peroxide value; K232, K270, ΔK) and sensorial 
analysis (olfative, taste and the final sensations) of the olive oil obtained  from healthy and anthrachnose-
infected olives of cv. Madural.  P  < 0.001 ***; P < 0.01**; P< 0.05 *. Values within the same line with 
different letters differ significantly (P < 0.05). Pooled standard deviation 
 
Legend: Extra Virgin Olive Oil (EVOO), Virgin Olive Oil (VOO) 
 
 
 
 
 
 
 
 
 
 Healthy Anthracnose-infected P value Pooled SDa 
  Quality parameters   
Free Acidity (%) 0.18±0.04 a 1.58±0.51 b <0.001 *** 0.36 
PV(mEq. O2/kg) 1.83±0.76 a 5.81±1.30 b <0.001 *** 1.06 
K232 0.70±0.05 a 0.88±0.10 b 0.006 ** 0.08 
K270 0.07±0.00 a 0.08±0.01 b 0.019 * 0.01 
Δ K -0.01± 0.000 a 0.00± 0.001 a <0.001 *** 0.00 
  Sensorial Evaluation   
Fruity 6.00±0.14 a 5.00±0.37 b <0.001 *** 0.28 
Other fruits 1.75±0.21 a 1.00±0.27 b 0.004** 0.24 
Green 1.50±0.22 a 1.00±0.00 b <0.001*** 0.16 
Other sensations 1.75±0.18 a 1.00±0.22 b 0.001** 0.20 
Harmony 16.63±0.25 a 16.00±0.45 a 0.085 0.36 
SUM 27.75±0.63 a 24.00±1.02 b <0.001*** 0.85 
Fruity 7.00±0.14 a 5.50±0.50 b <0.001*** 0.37 
Sweet 3.00±0.00 a 4.00±0.14 b <0.001*** 0.10 
Bitter 2.00±0.22 a 1.00±0.00 b <0.001*** 0.16 
Spicy 2.50±0.14 a 1.00±0.00 b <0.001*** 0.10 
Green 1.50±0.11 a 1.00±0.00 b <0.001*** 0.08 
Other sensations 1.75±0.21 a 1.00±0.22 b 0.004** 0.22 
Harmony 16.50±0.27 a 16.00±0.22 a 0.242 0.25 
SUM 34.25±0.49 a 29.50±0.70 b <0.001*** 0.60 
Complexity 7.00±0.11 a 3.75±1.27 b <0.001*** 0.90 
Persistence 7.25±0.45 a 5.00±0.47 b <0.001*** 0.46 
SUM 14.25±0.54 a 8.75±1.68 b <0.001*** 1.25 
TOTAL 76.75±1.48 a 61.25±3.21 b <0.001*** 2.50 
Classification EVOO VOO -- -- 
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Figure 4.1 Sensorial characteristics of 3 repetitions of olive oils extracted from anthracnose-infected and 
healthy olives of cv. Madural.  
Olfactory sensations Gustatory-retronasal sensations 
Final olfactory-gustatory 
sensations 
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4.3.3. Fatty acids profile 
Fatty acids profile of both olive oils is showed in Table 4.2. The main fatty acids 
found in oils extracted from healthy and diseased olives were palmitic acid (C16:0), oleic 
acid (C18:1) and linoleic acid (C18:2). Only two fatty acids, i.e. erucic acid (C22:1) and 
lignoceric acid (C24:0), were found to be significantly (p<0.01) higher in olive oils 
extracted from healthy olives when compared to oil extracted from diseased olives. The 
fatty acids that compose the studied olive oils are divided in four fractions: 
monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), saturated 
fatty acids (SFA) and trans fatty acids. Among these fractions, MUFA are the highest 
(accounting 72.50% of the total fatty acids), followed by the SFA with 14.80% and the 
PUFA with 12.50%. Trans fatty acids reported values below to 0.2%. 
 
 
Table 4.2. Detailed fatty acids measured on olive oils extracted from healthy and anthracnose-infected 
olives of cv. Madural. P  < 0.001 ***; P  < 0.01**. Values within the same line with different letters 
differ significantly (P < 0.05). Pooled standard deviation 
 
 
Fatty acids Healthy Anthracnose-
infected 
P value Pooled SD 
C14:0 0.01±0.00 0.01±0.00 0.267 0.00 
C16:0 11.61±0.44 11.85±0.26 0.233 0.36 
C16:1 0.55±0.02 0.53±0.03 0.384 0.03 
C17:0 0.06±0.00 0.06±0.00 0.437 0.00 
C17:1 0.08±0.00 0.08±0.01 0.880 0.00 
C18:0 2.43±0.12 2.42±0.11 0.484 0.11 
C18:1t 0.01±0.00 0.02±0.01 0.422 0.01 
C18:1c 72.33±1.02 71.32±0.62 0.360 0.84 
C18:2t 0.01±0.00 0.01±0.00 0.276 0.00 
C18:2 11.25±0.76 11.65±0.52 0.380 0.65 
C18:3 1.04±0.06 1.09±0.05 0.585 0.05 
C20:0 0.34±0.01 0.35±0.01 0.139 0.01 
C20:1 0.31±0.01 0.29±0.02 0.395 0.02 
C22:0 0.10±0.01 0.10±0.02 0.299 0.01 
C22:1 0.02±0.01 a*** 0.00±0.00 b*** >0.001 0.01 
C24:0 0.05±0.01 a** 0.03±0.01 b** 0.006 0.01 
SFA 14.60±0.31 14.82±0.16 0.191 0.25 
MUFA 72.81±1.01 72.26±0.64 0.335 0.85 
PUFA 12.40±0.81 12.80±0.52 0.384 0.68 
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4.3.4. Tocopherols composition 
Detailed composition of tocopherols on the olive oils extracted from healthy and 
anthracnose-infected olives is reported in Table 4.3. The tocopherols detected and 
quantified in both olive oils were α-tocopherol, β-tocopherol and γ-tocopherol, being 
the first one the most representative with values ranging from 283 and 339 mg/kg. A 
similar result was previously reported in other olive oils (Malheiro et al., 2012). Total 
tocopherols was found to be significantly (p<0.01) higher in olive oils extracted from 
healthy than in oils extracted from diseased-olives. Among the detected tocopherols, α-
tocopherol was the most responsible for the differences found, being its values 
significantly different between the two oils. By contrast, β-tocopherol (3.74 vs. 3.85 
mg/kg) and γ-tocopherol (4.91 vs. 4.94) amounts were very similar between both olive 
oils. Overall, the results indicated that anthracnose affect considerably total tocopherols, 
and affect the most important tocopherol, α-tocopherol, which possesses important 
antioxidant and vitaminic action (Kiritsakis 1998). Therefore anthracnose compromises 
some important biological properties of olive oils. 
 
4.3.5. Phenolic compounds 
Contents of the two main phenolic alcohols in olive oil, hydroxytyrosol and 
tyrosol, were measured in the two olive oils samples. Hydroxytyrosol varied between 
107 and 12 mg/kg in oils extracted from healthy and diseased olives. A loss of about 
90% of hydroxytyrosol was noticed in olive oil extracted from diseased olives when 
compared to oil extracted from healthy olives. The same pattern was observed for 
tyrosol. Tyrosol varied between 51 and 12 mg/kg, a loss of about 80% when 
anthracnosis is present in the olives (Table 4.3). Such results are important and clearly 
corroborate the sensory analysis, since many parameters decreased their evaluation due 
to the incidence of anthracnose. Clearly, anthracnose induces a loss of phytochemicals 
in the olives, causing deterioration and therefore loss of sensory attributes.  
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4.3.6. Sterols composition 
Anthracnose was showed to affect the total sterols contents, by increasing 
significantly (p< 0.01) their values (Table 4.3). Anthracnose also reduced significantly 
(p<0.001) both β-sitosterol and 5,24-estigmastadienol contents, but increased 
significantly (p<0.001), 5-avenasterol contents in olive oils.  
Sterols, especially β-sitosterol, have proven to have protective effects against 
cardiovascular disease as well as against many types of cancer (Awad et al. 2004). 
Different authors‟ state that β-sitosterol may protect against oxidative stress through 
modulation of antioxidant enzymes, and these molecules could be used against skin 
aging cells (Vivancos and Mopeno, 2005). Significant changes in sterol composition 
during storage period means a higher peroxide value (Sanchez et al., 2001), supported 
by the information on Table 4.1. 
4.3.7. Oxidative stability 
The oxidative stability of both olive oils was studied in order to verify if the 
anthracnose could intervene at the shelf-life of olive oil. The results clearly show a high 
decrease on the oxidative stability of olive oils extracted from anthracnose-infected 
olives, and therefore a significant decrease in the resistance to oxidation. The olive oil 
extracted from anthracnose-infected olives lost almost 58% of oxidative stability (5.72h 
infected olives vs. 13.48h healthy olives). Such changes cause great impact on the olive 
oil stability and significant reduce his shelf-life. This will decrease market value due to 
the low storage period without modifications.This result could be expected since many 
of the antioxidant compounds in olive oil were deteriorated by the presence of 
anthracnose. It is the case of phenolic compounds and tocopherols, namely α-tocopherol 
(Table 4.3). 
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 Healthy Anthracnose-infected P-value Pooled SD 
  Phenolic compounds   
Hydroxytyrosol 
(mg/kg) 
107.11±27.40 a 11.92±3.92 b <0.001 *** 19.57 
Tyrosol (mg/kg) 50.88±11.04 a 12.41±1.35 b <0.001 *** 7.87 
Htyr+Tyr (mg/kg) 156.20±37.07 a 24.26±5.30 b <0.001 *** 26.48 
  Oxidative stability   
Oxidative stability (h) 13.48±2.09 a 5.72±0.89 b <0.001 *** 1.60 
ABTS 92.2±2.8 94.2±4.5 0.28 2.68 
Total phenols(mg CAE 
equiv./kg) 
578.17±144.37 a 135.29±16.02 b <0.001 *** 102.71 
  Tocopherols   
α-Tocopherol 339.68±19.75 a 283.40±20.21 b 0.003 ** 19.95 
β-Tocopherol 3.85±0.14 a 3.74±0.20 a 0.135 0.17 
γ-Tocopherol 4.94±0.29 a 4.91±0.36 a 0.639 0.33 
Total vitamin E 349±19.99 a 292.09±20.58 b 0.004 ** 20.29 
  Final sterols   
Colesterol (≤0.5%) 0.097±0.019 0.092±0.004 0.371 0.01 
Campesterol (≤4.0%) 2.061±0.087 2.059±0.048 0.958 0.07 
β Sitosterol 85.439±0.840 *** 84.268±0.329 *** <0.001 0.64 
5-Avenasterol 6.310±0.889 *** 9.743±1.136 *** <0.001 1.02 
5,24-Estigmastadienol 4.072±0.851 *** 1.061±1.291 *** <0.001 1.09 
7-Estigmastenol 
(≤0.5%) 
0.097±0.020 0.097±0.016 0.992 0.02 
Eritrodiol+Uvaol 
(≤4.5%) 
0.435±0.086 0.747±0.064 <0.001 0.08 
Total sterols 
(≥1000mg/kg) 
1377.7±91.8 ** 1539.5±116.3 ** 0.003 104.75 
 
Table 4.3. Phenolic composition, oxidative stability, total phenols content, tocopherols composition 
(mg/kg of olive oil) and sterols composition of olive oils extracted from healthy and anthracnose-infected 
olives of cv. Madural. P < 0.001 ***; P < 0.01**; P < 0.05 *. Pooled standard deviation 
 
 
 
 
 
 
 
 
 
 
 
All the data obtained in this work, with the exception of colour parameters, were used in 
a PCA, in order to observe if the impact of the anthracnose over olives could 
differentiate both olive oils. The result obtained is represented in Fig 4.2. Both olive oils 
are completely separated, being represented in the positive region of PC1 the olive oils 
extracted from healthy olives and in the opposite region those extracted from diseased 
olives. Variables from 2 to 12 characterized oils extracted from healthy olives, and 
among those values are a great part of important components of olive oils, like 
tocopherols, hydroxytyrosol and tyrosol, total phenols content, some sterols and higher 
oxidative stability. By other hand olive oils extracted from diseased olives reported 
lower values of these variables, but reported higher real values regarding several quality 
parameters and some sterols. 
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Figure. 4.2 Principal component analysis (PCA) of olive oils extracted from healthy and anthracnose-
infected olives of cv. Madural by using quality parameters data, fatty acids profile, tocopherols content, 
oxidative stability and total phenols content. Legend:1-Campesterol; 2-MUFA: 3-γ-tocopherol; 4-β-
tocopherol; 5-Sitosterol; 6-oxidative stability; 7-Tyrosol; 8-Htyrosol+tyrosol; 9-Htyrosol; 10-α-
tocopherol; 11-Phenols; 12- 5,24-Estigmastadienol; 13-Colesterol; 14- 7-Estigmastenol; 15-PUFA; 16-
SFA; 17- K270; 18- K232; 19- Eritrodiol+uvaol(4.5), 20- Free acidity, 21- ΔK, 22- Peroxide values, 23-
5avenasterol, 24- Total sterols (1000mg/kg). 
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4.3.8. Colour of olive oils 
The colour of the olive oils extracted from healthy and anthracnose-infected olives 
was evaluated to assess the changes that anthracnose could cause in olive oils 
appearance, since visual aspect is an important factor for consumers evaluation and 
preference. In Table 4.4 are presented the CIELAB main axes; L*, a*, and b* values 
obtained for the two olive oils studied, and it‟s easily seen the effect of anthracnose in 
the colour. Values of L* (luminosity) of olive oil maintain approximately the same in 
healthy and anthracnose-infected samples. Values of a* in oils extracted from 
anthracnose-infected olives are significantly different from oils extracted from healthy 
olives (Table 4.4). This means that the normal green coloration (olive oil from healthy 
olives) of a typical EVOO changed to a more yellow-orange coloration (olive oil from 
anthracnose–infected olives) (Fig. 4.3). Finally, in the last parameter b* was observed a 
significant increase on the oil extracted from diseased olives, which turned the olive oils 
more yellow (Table 4.4).  
 
Table 4.4 Colour parameters measured in olive oils extracted from anthracnose-infected and healthy 
olives of cv. Madural, based on the CIELab color model. P < 0.01**. YI-yellowness index; ΔE-colour 
difference. Pooled standard deviation 
 
Such loss of colour is directly associated to the deterioration of chlorophylls in the olive 
oils extracted from anthracnose-infected olives. Chlorophylls responsible for the green 
colour of olive oils, with deterioration are convert into pheophytins, pigments ascribed 
with yellow coloration. The presence of anthracnose may induce the bioconversion of 
chlorophylls into pheophytins, and therefore olive oils lost their green color as observed 
in Fig. 4.3. 
 
 Colour parameters  
 Healthy 
Anthracnose-
infected 
P value Pooled SDa 
L*(C) 72.01± 5.34a 72.00± 1.01a 0.996 3.84 
a*(C) -14.21± 1.15a -11.02± 1.11b 0.002 ** 1.13 
b*(C) 56.22± 8.36a 70.36± 2.87b 0.007 ** 6.25 
YI 112.27 139.69 -- -- 
ΔE -- 5375.42 -- -- 
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Figure 4.3 Olive oils extracted from healthy (A) and anthracnose-infected (B) olives of cv. Madural. 
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4.4 Conclusions 
This work showed, for the first time, the effect of olive anthracnose on quality, 
composition and stability of olive oil of the Portuguese cv. Madural. Oils extracted from 
infected olives have negative sensory notes (smell and taste awful), yellow-orange 
coloration, and showed chemical alterations such as high acidity, a significant reduction 
on phenolic compounds (hydroxytyrosol and tyrosol), tocopherols (in special α-
tocopherol), and a significant increased on total sterols. Olive anthracnose was also 
showed to decreased oxidative stability of olive oils. By contrast, fatty acid composition 
was relatively unaffected by anthracnose infection. With these chemical and sensorial 
characteristics, the olive oil loses the extra-virgin to be on the virgin classification. In 
addition, these olive oils lose compounds with bioactive properties.  
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5.General discussions and conclusions 
The olive tree is an extremely important crop for the Mediterranean countries, 
including Portugal. In this work detached olive (Olea europaea) fruit of two Portuguese 
cultivars were inoculated with Colletotrichum acutatum (the main causal agent of the 
anthracnose) in order to assess cultivar susceptibility. Both incidence and severity of 
fruit infection was found to be more dependent of fruit ripeness than of cultivar. In 
green/yellowish green fruits, the susceptibility of Madural to C. acutatum was 
significantly higher when compared to Negrinha de Freixo. But, when fruit skin 
became red/purple or black the susceptibility to C. acutatum was significantly highest in 
cv. Negrinha de Freixo. At these maturation stages, both cultivars developed fruit rot 
anthracnose symptoms, independent of their susceptibility to anthracnose. In general, 
susceptibility to C. acutatum was found to increase linearly with fruit maturity. 
Olive fruit of both cultivars showed significant differences on the density and size 
of lenticels, cuticle thickness and volatile composition. These differences were not 
always related positively to the cultivar susceptibility, being dependent of the 
maturation stage of the fruit. Overall the results suggested that in immature fruits other 
defensive mechanism seems to be more important than the ones related with cuticle 
characteristics. Several volatile compounds identified in fruits of both cultivars have 
been described to exhibited antimicrobial activity and their role in the inhibition of C. 
acutatum growth should be further study. 
The anthracnose in olives caused severe changes in the olive oil obtained. The 
anthracnose in olives cause a disruption in the tissues and cells inside olives allowing 
the contact between fatty acids (FA) and enzymes responsible for hydrolytic reactions. 
Therefore FA was the most affected quality parameter in the olive oils, since hydrolysis, 
by the intervention of lipases lead to an increase in the amount of free fatty acids, 
therefore leading to a considerable increase in FA. It was observed a small oxidative 
rate however, not enough to declassify the olive oil. Other quality parameter that 
suffered considerable changes was the sensory analysis. In fact this parameter alone 
declassified the olive oils, enabling them to be classified as EVOO. Olfactory, 
gustatory-retronasal sensations, and final olfactory-gustatory sensations were 
influenced, mainly green, spicy, bitter, fruity, with a considerable increase in sweet. 
Two main classes of compounds are responsible for these results, phenols and volatiles. 
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The anthracnose may interfere in the enzymatic mechanisms behind the formation of 
volatiles and phenols during fruit development and mainly during the olive oil 
extraction. Other components like tocopherols were severely affected, as well as some 
phenolic alcohols (main phenolic compounds in olive oils) like hydroxytyrosol and 
tyrosol. Sterols reported lower variations comparatively to other olive oils components. 
Nevertheless, the loss of compounds with bioactive properties leads to the reduction of 
oxidative stability in the oils. This means that the shelf-life of the product is reduced, 
increasing the loss of income by producers. Other aspect that directly affects the 
consumer is the colour, and in this case olive oils pass from a green colour to a yellow 
and sometimes redish colour, which consumers reject. 
Overall, anthracnose mold olive oil chemical composition that by its hand will 
change the quality, properties and stability of the oils. These four pillars are 
interconnected and the anthracnose in olives affect them all, reducing the overall 
appreciation of olive oil, and causing severe economic, social and productive damages. 
In this sense, is imperative to improve the understanding of physical and chemical 
defense mechanisms in olive fruit that may lead to novel strategies for management of 
olive anthracnose. 
 
